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RESEARCH  AND  DEVELOPMENT  OF  A  QUASI-OPTICAL  DIELECTRIC  SLAB 

POWER  COMBINING  SYSTEM 

Final  Report 

by 

Michael  Steer 


Introduction 

In  quasi-optical  power  combining  systems  the  power  from  numerous  active  devices  is 
combined  in  a  propagating  mode.  Conventional  power  combining  structures  have  the 
common  property  that  power  is  combined  in  free  space  and  the  system  is  essentially  three 
dimensional.  In  this  project  we  investigated  an  alternative  quasi-optical  power  combining 
strategy  using  a  dielectric  slab  to  combine  the  power  from  active  devices  in  a  mode 
which  is  confined  to  a  two  dimensional  dielectric  slab.  We  term  this  mode  of  operation 
quasi-optical  slab  space  power  combining.  The  aim  of  the  work  has  been  to  develop  a 
quasi-optical  system  which  is  more  amenable  to  photolithographic  definition  and  has 
reduced  size  because  the  signal  is  confined  to  the  dielectric.  The  progress  of  the  work  is 
fully  described  in  the  papers  attached  to  this  report. 


Two  approaches  to  planar  quasioptical  power  combining  were  considered.  The  two 
configurations  are  based  on  propagation  characteristics  of  planar  beam  modes  with  a 
choice  between  them  based  on  the  level  of  conductive  metallic  losses  which  can  become 
excessive  at  millimeter-wave  frequencies  and  especially  at  near  millimeter-wave 
frequencies. 

Our  research  and  development  efforts  were  guided  by  the  following  principles: 

1.  Design  choices  must  be  compatible  with  monolithic  integration.  One  implication  of 
this  is  that  active  devices  should  be  located  at  the  base  of  the  slab  in  the  ground  plane 
which  in  addition  aids  an  heat  removal. 

2.  Design  choices  must  be  compatible  with  millimeter  and  near-millimeter  wave 
operation.  The  main  consequence  here  is  that  metallic  losses  must  be  minimized  by 
keeping  peak  fields  away  from  metal  surfaces. 

2D  TE  Mode  QO  Power  Combining  Amplifier 

The  bulk  of  the  project  was  concerned  with  the  development  of  the  TE  version  of  a  slab 
quasi-optical  amplifier  and  all  of  the  papers  listed  refer  to  this  type  of  amplifier.  The 
design  work  progressed  from  developing  an  understanding  of  the  modes  in  a  quasioptical 
slab  system  to  the  development  of  a  passive  structure  that  supported  propagation  of 
signals  that  could  be  amplified.  The  mode  understanding  supported  this  TE 
implementation  as  well  as  the  TM  implementation  described  briefly  below.  The  final 
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amplifier  construction  yielded  reasonable  power  combining  efficiency  but  only  over  an 
extremely  narrow  bandwidth. 

2D  TM  Mode  QO  Power  Combining  Amplifier 

Construction  of  this  amplifier  was  not  successful  and  it  was  determined  that  this  was  due 
to  inadequate  electromagnetic  modeling.  Work  on  this  amplifier,  involving  considerable 
modeling,  is  continuing  in  another  program. 


Conclusion 

The  first  demonstration  of  power  amplification  is  a  hybrid  quasioptical  dielectric  slab 
system  was  demonstrated.  The  results  were  a  proof  of  principle  and  the  main  conclusion 
is  that  future  development  requires  development  of  specific  EM  modeling  tools.  Specific 
performance  of  the  final  design  is  given  in  References  [1,3]. 

Publications 

The  work  performed  is  described  is  documented  in  papers  a  list  is  given  below  and  copies 
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Abstract-K  hybrid  dielectric  slab-beam  waveguide  is  suitable 
for  the  design  of  planar  quasi-optical  integrated  circuits  and 
devices.  In  this  paper  a  2-D  quasi-optical  power-combining 
system  with  convex  and  concave  lenses  was  investigated. 
The  system  employs  an  active  E-plane  amplifier  array 
consisting  of  Vivaldi-type  antennas  with  MESFET  and 
MMIC  devices.  The  system  was  tested  by  switching  the 
amplifier  bias  off  and  on  while  measuring  the  power  with  an 
E-plane  horn.  Tests  were  performed  with  a  single  MMIC 
amplifier  and  a  4  x  1  MESFET  amplifier  array.  The 
amplifier  array  generated  11  dB  and  4.5  dB  of  amplifier  and 
system  gain  respectively  at  7.12  GHz,  and  the  single  MMIC 
Vivaldi-type  antenna  produced  24  dB  of  amplifier  gain  at  8.4 
GHz. 

I.  INTRODUCTION 

Spatial  power  combining  has  emerged  as  a  promising 
technique  for  power  combining  at  millimeter  and  sub- 
millimeter  wave  frequencies.  One  embodyment  of  spatial 
power  combining  is  quasi-optical  power  combining  based 
on  the  principle  that  radiated  fields  produced  by  an  array 
of  solid  state  active  devices  may  be  combined.  The  fields 
are  combined  utilizing  wavebeam  principles  in  free  space 
or  dielectric  material  to  generate  reliable  power.  Periodic 
refocusing  of  the  beam  is  accomplished  by  the  use  of 
optical  lenses  to  combine  the  power  in  a  single  paraxial 
mode.  The  large  transverse  and  longitudinal  dimensions 
of  the  quasi-optical  structures  provide  significant  area  for 
the  active  MMIC  devices  and  control  components  to  be 
included  within  the  structure.  The  most  mature  quasi- 
optical  structures  include  grid  amplifiers  and  resonant 
cavities  where  the  power  is  combined  in  three-dimensional 
space  (3-D)  [1,  2].  However,  two-dimensional  (2-D) 
technology  offers  an  alternative  approach  with  significant 
advantages.  Mink  and  Schwering  [4]  proposed  a  2-D 
hybrid  dielectric  slab-beam  waveguide  (HDSBW)  which  is 
more  amenable  to  photolithographic  definition  and 
fabrication,  and  is  more  compatible  with  the  MMIC 
technology  [5,6].  The  2-D  HDSBW  has  reduced  size  and 
weight,  and  improved  heat  removal  capability  which 
results  in  lower  costs. 


Figure  l:l*assive  2D  quasi-optical  power  combining  system  (a) 
convex  lenses  and  (b)  concave  lenses. 

dl  d2  d3 


MESFET  amplifier  array. 


IV.  Principles  of  operation 

The  HDSBW  uses  two  distinct  waveguiding  principles  to 
guide  the  electromagnetic  wave  [5,7].  The  input  energy 
travels  in  a  Gaussian-Hermite  mode  along  the  slab 
waveguide.  In  the  x-direction,  the  field  distribution  is  that 
of  a  surface-wave  mode  of  the  grounded  dielectric  slab, 
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Figure  3:  Wave  model  for  2D  power  combining 
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MESFET  ampilifier  on 
RT/Duriod  substrate 
Figure  4:  MESFET  Vivaldi  amplifier 

the  wave  is  guided  by  total  reflection  at  the  air-to- 
dielectric  interface  and  parameters  are  adjusted  such  that 
energy  is  transmitted  primarily  within  the  dielectric.  In  the 
y-direction  the  field  distribution  is  that  of  a  wave 
beammode  (Guass-hermite)  which  is  guided  by  the  lenses 
through  periodic  reconstitution  of  the  cross  sectional  phase 
distribution.  The  guided  modes  can  be  cither  TE  or  TM 
polarized  with  respect  to  the  direction  of  propagation 
whose  period  is  the  spacing  of  the  lenses.  Figure  1  shows 
the  passive  HDSBW  employing  two  examples  of  periodic 
refocusing.  Figure  1(a)  shows  convex  lenses  that  are 
utilized  to  periodically  reset  the  wavebeam  phase  and 
Figure  1(b)  displays  this  principle  by  utilizing  concave 
lenses. 

The  principle  employed  here  to  obtain  signal  amplification 
is  similar  to  that  of  a  traveling  wave  amplifier.  An  array  of 
active  elements  located  underneath  the  dielectric  slab  is 
placed  in  the  path  of  the  wavebeam  as  shown  in  Figure  2. 
Each  active  element  consists  of  a  pair  of  back-to-back 
Vivaldi  antennas  with  an  amplifier  inserted  between  the 


two  antennas.  Part  of  the  incident  signal,  the  thru  wave, 
passes  through  the  dielectric  slab  undisturbed.  The 
remaining  signal  is  amplified  by  the  array.  The  first 
Vivaldi  antenna  couples  energy  from  the  incident  traveling 
wavebeam,  and  the  second  Vivaldi  antenna  reinserts  the 
amplified  signal  back  into  the  traveling  wave  beam. 
Maximum  coupling  to  the  array  occurs  when  the  energy 
from  the  first  lens  focuses  energy  to  the  input  of  the 
Vivaldi  antennas.  The  signal  is  amplified  by  the 
MESFETs  and  is  coupled  by  the  output  Vivaldi  antennas 
to  the  traveling  wavebeam  where  it  combines  in  phase 
with  the  through  signal  as  shown  in  Figure  3. 
Consequently,  a  growing  traveling  wavebeam  mode  is 
established  within  the  guiding  structure  resuting  in 
increased  output  power. 

III.  SYSTEM  CONFIGURATION 

The  system  configuration  for  the  HDSBW  shown  in  Figure 
2  consists  of  rectangular  dielectric  slab  made  of  Rexolite 
(6V  =  2.57,  tan5  =  0.0006)  placed  on  a  conducting  ground 
plane.  Two  concave  cylindrical  lenses  made  of  Macor  (e, 

=  5.9,  tan5  =  0.0006)  with  focal  lengths  equal  to  28.54  cm 
were  inserted  between  the  dielectric  slab.  The  dielectric 
slab  dimensions  length  (dl  +  d2  +  d3),  width  (w)  and 
thickness  (d)  were  62  cm,  27.94  cm  and  1.27  cm 
respectively.  The  Vivaldi  antenna  MESFET  amplifiers 
were  located  underneath  the  dielectric  stab  in  the  ground 
plane.  Each  Vivaldi  antenna  was  fabricated  using 
RT/Duroid  6010  substrate  =  10.2,  tan  5  =  0.0028)  with 
the  dimensions  6.5  cm  x  1 .5  cm.  Two  E-plane  horns  were 
designed  and  fabricated  that  efficiently  launch  and  receive 
the  required  wavebeam. 

V.  Experimental  Results 

Two  tests  were  performed,  the  first  utilized  a  4  x  1 
MESFET  Vivaldi  amplifier  array  as  shown  in  Figure  2, 
and  the  second  employed  a  single  MMIC  Vivaldi  amplifier 
located  under  the  dielectric  slab  (see  Figure  6).  A  measure 
of  the  relative  energy  coupled  to  the  amplifier  array  was 
obtained  by  switching  the  amplifier  bias  levels  off  and  on 
while  measuring  the  output  power,  Pour.*  3The  system 
performance  for  the  active  Vivaldi  amplifier  array  was 
determined  by  the  system  gain  and  amplifier  gain.  This 
provided  an  indication  of  the  incident  signal  that  passes 
through  the  dielectric  as  an  undisturbed  traveling  wave. 

Figure  5  shows  the  total  system  performance  of  the 
MESFET  amplifier  array  at  7.12  GHz  using  concave 
lenses.  A  plot  of  Fin  versus  Poui  is  indicated  by  AMP  OFF 
and  AMP  ON  respectively.  The  input  power,  Pf<l  varied 
from  -45  dBm  to  +10  dBm  in  +5  dBm  increments.  The 
power  ratio  between  P out  and  P,„  was  relatively  constant 
for  P/„  less  than  —15  dBm,  however  P„ur  reached  the 
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Pout  (dBm) 


array. 

saturation  condition  with  P;„  greater  than  -15  dBm.  The 
maximum  system  gain  of  4.5  dB  occurred  at  P,-„  =  -15  dBm 
while  the  amplifier  gain  on  to  off  measured  was  1 1  dB. 


The  second  test  was  performed  with  a  cascaded  pair  of 
MMIC  amplifiers  in  order  to  achieve  higher  power  levels. 
In  Figure  6,  the  amplifier  gain  of  the  Vivaldi  amplifier  was 
determined  by  placing  a  metal  screen  transverse  to  the 
Vivaldi  structure.  The  Vivaldi  amplifier  and  the  metal 
wall  were  placed  5.5  cm  and  9.7  cm  respectively  from  the 
input  horn.  A  concave  lens  was  placed  in  the  middle  of  a 
40  cm  dielectric  slab.  The  slit  in  the  metal  wall  allowed 
for  only  input  power  of  the  amplifier  and  the  amplified 
energy  to  go  through  the  system  so  that  the  amplifier  gain 
could  be  measured.  The  amplifier  gain  shown  in  Figure  7 
was  determined  by  switching  the  bias  voltage  on  and  off, 
while  measuring  the  power  difference  detected  by  the 
receiving  horn.  The  amplifier  gain  indicates  that  more 
than  10  dB  of  gain  was  produced  from  7  GHz  to  10.4  GHz 
with  a  maximum  gain  of  24  dB  at  8.4  GHz. 


Figure  7:  Amplifier  gain  for  a  unit  cell  amplifier  with  cascaded 
MMIC  chips. 


VI.  Conclusions 

A  2-D  HDSBW  spatial  power  combining  system  suitable 
for  planar  integrated  circuits  and  devices  has  been 
presented.  A  system  using  concave  lenses  and  Vivaldi- 
type  antennas  with  MESFET  and  MMIC  devices  has  been 
demonstrated.  The  4  x  1  MESFET  amplifier  array 
produced  II  dB  of  amplifier  gam  and  4.5  dB  of  system 
gain  at  8.4  GHz.  Operating  at  7.12  GHz,  a  single  MMIC 
amplifier  produced  24  dB  of  amplifier  gam.  By 
combining  more  MMIC  instead  of  MESFETs  greater 
power  can  be  achieved.  This  paper  shows  that  2D  spatial 
system  is  suitable  for  planar  MMIC  technology. 
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A  Quasi-Optical  Dielectric  Slab  Power  Combiner 
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Abstract-Re al  power  gain  from  a  quasi-optical  power  combin¬ 
ing  dielectric  slab  waveguide  amplifier  system  is  reported  for  he 
S““.  Th,  system  employs  t„«r  MESm _ampUfi«s 
under  the  slab,  and  a  small  signal  gam  of  10.3  dB  was  achieved. 
touSments ’of  insertion  loss  and  E-field  patterns  are  presented. 

I.  Introduction 

IN  quasi-optical  power  combining  systems,  the  power  from 
numerous  solid  state  devices  is  combined  into  one  dominant 
propagating  mode.  The  most  mature  quasi-optical  systems 
include  grid  oscillators  [1],  [2]  and  amplifiers  [3],  resonant 
cavity  oscillators  [4],  [5],  and  similar  structures  with  the 
common  property  that  power  is  combined  in  free  space  and 
the  system  is  essentially  three  dimensional  (3-D).  We  have 
recently  investigated  quasi-optical  systems  using  a  dielectric 
slab  [61— [81  to  combine  the  power  from  the  active  devices  m 
a  mode  iai  is  confined  .0  a  two-dimensional  (2-D)  dielectnc 
slab  Using  a  dielectric  slab  rather  than  free  space  for  guiding 
the  propagating  wave  allows  for  planar  MMIC  fabrication. 

A  dielectric  slab  beam  waveguide  (DSBW)  system  with 
amplifiers  is  shown  in  Fig.  1.  The  DSBW  system  uses  Rexohte 
(e  =  2  57)  for  the  dielectric  slab  and  Macor  (er  —  5  y)  tor 
the  lenses,  with  a  radius  of  30.48  cm  and  focal  length  of  28.54 
cm  For  the  dimensions  shown  in  Fig.  1,  di  -  12  cm,  d2  - 
28  cm,  and  d3  =  16  cm.  The  width  of  the  slab  waveguide 
is  3048  cm  The  aperture  width  of  both  hom  antennas  is  9 
cm,  designed  to  be  the  spot  size  of  the  slab  beam-mode  near 
the  aperture.  Energy  propagates  in  a  TE  Gaussian  beammode 
along  the  waveguide,  passes  the  lenses,  and  is  refocused  in 
the  middle  area  of  the  waveguide.  The  beam  in  that  area  has 
the  strongest  field  strength  and  its  width  is  close  to  that  of  the 
beam  width  near  the  radiator.  Four  MESFET  amplifiers,  each 
consisting  of  one  MESFET  with  two  Vivaldi  antennas  (see 
Fie  1) '  are  located  in  this  area  to  amplify  the  guided  energy 
and  are  placed  underneath  the  slab  so  that  they  do  not  chstort 
the  fields.  The  design  of  the  amplifiers  is  discussed  m  [8].  _ 

In  this  letter,  we  report  for  the  first  time  real  power  gain 
from  the  DSBW  system.  With  an  RF  input  power  level  of 
-15.5  dBm  at  7.384  GHz,  the  output  power  was.  measured 
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Fig.  1.  DSBW  system  with  MESFET  amplifiers. 


.METAL  TOP 


HORN  1 


HORN  2 


Fig.  2.  Side  view  of  system  with  metallic  top. 


to  be  -5  dBm.  This  represents  a  10.5  dB  gam  of  real  power 
from  the  complete  system  including  losses  due  to  die  coax  to 
waveguide  transition,  hom  aperture,  dielectric  slab,  lenses,  and 
radiated  power  into  free  space.  Adding  a  metallic  top  coyer  to 
the  system  to  reduce  the  power  lost  from  free  space  radiation 
resulted  in  an  overall  increase  of  2  dB  in  the  output  power 
level.  Measurements  for  amplifier  gam,  system  gain,  insertion 
loss,  and  E-field  patterns  are  also  presented.  The  reference 
planes  for  all  of  the  2-port  measurements  are  at  the  coaxial 
line  and  include  the  coax  to  waveguide  transition  as  is  shown 
in  Fig  1.  The  side  view  of  the  DSBW  system  with  a  metallic 
top  is  shown  in  Fig.  2  (hi  =  1.6  cm,  h2  =  1.27  cm).  . 

II.  Experimental  Results 

The  amplifier  gain  of  the  four  MESFET  amplifiers  in  the 
DSBW  system  is  shown  in  Fig.  3.  With  no  metallic  top 'cover 
the  gain  was  close  to  15  dB  and  with  the  cover  was  12.5  dB 
both  at  a  frequency  of  7.384  GHz.  This  gain  was  measured 
by  taking  the  ratio  of  the  amplifiers  with  the  dc  bias  on  and 
off  Fb  4  shows  the  gain  of  the  complete  system  with  .  e 
amplifiers  turned  on.  The  solid  line  is  the  reverse  fransmission 
|S12|  and  the  dotted  line  is  the  forward  transmission  p2i|- 
|S12|  shows  that  the  back  scattering  to  the  input  port  is  ■ very 
minimal,  and  |S21|  showes  that  positive  power  gain  is  achieved 
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Fis  5  Measured  response  of  the  passive  DSBW  amplifier  system  (no  bias) 
with  and  without  a  metallic  top  cover.  Without  the  cover,  the  system  loss  ts 
10-12.5  dB..  With  the  cover,  the  system  loss  is  otf . 


Fie  4  Forward  and  reverse  transmission  through  the  DSBW  amplifier 
system  at  P,„  =  -10  dBm.  This  is  the  real  gain  measured  at  the  external 

ports. 

through  the  complete  system'.  The  input  power  level  was  -10 
dBm.  The  loss  through  the  passive  DSBW  system  is  shown  in 
Fig.  5.  Here  the  amplifiers,  are  in  the  system  without  bias. 
With  the  metallic  top  cover  the  loss  is  about  3.5  dB  less 
than  without  the  cover.' Sources  of  loss  include  input/output 
mismatch,  radiation  loss  of  horns,  insertion  loss  of  amplifiers 
and  lenses,  which  cause  field  scattering  and  diffraction.  We 
expect  to  drastically  reduce  these  losses  in  the  future. 

The  main  goal  of  this  paper  is  presented  in  Fig.  6  where  we 
achieve  real  power  gain,  {Pout  —  Pin),  in  the  DSBW  amplifier 
system.  The  measurements  were  taken  at  a  frequency  of  7.384 
GHz  where  the  amplifier  gain  was  maximum. 


Fig.  6.  Pont  versus  P,„  of  the  DSBW  amplifier  systerm  WUhouttop^he 
small  signal  gain  was  8.5  dB  in  spile  of  a  system  loss  about  11.5  dB I.  Wth 
top,  the  small  signal  gain  was  10.5  dB  in  spite  of  a  system  loss  about  7.5  dB. 

The  highest  power  gain  achieved  was  10.5  dB  with  top  and 
8.5  dB  without  top  with  the  input  power  level  at  -15  dBm. 
When  the  amplifiers  were  turned  off,  the  slope  in  Fig.  was 
close,  to  1 : 1.  As  the  amplifiers  were  turned  on  and  Pin  was 
higher  than  -15  dBm,  P0ut  entered  the  saturation  region,  and 

hence  the  slope  was  less  than  1:1.  . 

The  power-added  efficiency  is  5.2%  when  the  input  power 
is  at  5  dBm.  This  is  low  and  is  being  addressed. 

Fig.  7  shows  the  power  distribution  across  the  top  of  the 
DSBW  system  for  three  cases:  amplifiers  with  bias,  amplifiers 
without  bias,  and  no  amplifiers  in  the  system.  With  the 
amplifiers  biased  the  power  distribution  spreads  wider  across 
the  slab,  whereas  with  the  amplifiers  not  biased  or  not  m  the 
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Hg.  7.  Measured  |£y|  distribution  across  the  top  of  the  DSBW  amplifier 
system. 

system  the  power  distribution  has  more  distinctive  Gaussian 
sC  As  indicated  in  Fig.  7,  the  field  distribute  ts  Me 
affected  by  the  ground  discontinuities  due  to  the  amplifier 
unit  cells.  In  contrast,  with  the  amplifiers  on  the  top  of  the 
slab  waveguide  as  in  [8],  significant  scatter  is  introduced. 
With  the  amplifiers  are  biased,  the  field  distribution  spreads 
out  presumably  due  to  the  additional  phase  delay  through  the 
amplifiers.  This  indicates  that  a  refinement  of  the  lens  and/or 
receiver  positioning  and  design  is  required  to  capture  all  the 
amplified  energy  in  the  system. 


III.  Conclusion 

The  real  power  gain  using  quasi-optical  power  combining 
techniques  in  a  DSBW  amplifier  system  was  reported  for  die 
first  time.  The  highest  power  gam  was  reported  to  be  10.5  dB 
at  7.384  GHz  when  the  input  power  level  was  -15  dBm.  The 
planar  amplifiers  are  suitable  for  use  with  the  DSBW  system 
and  can  be  applied  to  planar  MMIC  technology. 


REFERENCES 

m  J  B  Hacker,  M.  P.  de  Lisio.  M.  Kim,  C.-M.  Liu,  S.-J.  Li,  S.W.  Wedge, 
and  D.  B.  Rutledge,  “A  10-watt  X-band  grid  oscillator,  in  IEEEMTT-S 

MESFET  planar  grid  oscillator,"  IEEE  Trans.  Microwave  Theory  Tech., 

,  PjPj  ^Rosenberg,£R.  Rslnith,  R.  M.  Weikle  II,  J.  B.  Hacker.  M. 

131  Jl'Srio  aJd  D.  B.  Rutledge,  “A  grid  amplifier,"  IEEE  Microwave 

141  f 

wave  sources,”  IEEE  Trans.  Microwave  Theory  Tech.,  vol.  MTT-34,  pp. 

151  p7L2H9erSV ' RMonahan,  J.  W.  Mink,  F.  K.  Schwering,  and  M. 

1  -B.  sieer.  "Impedance  matrix  of  an  antenna  array  in  a  q^toptica  res- 

onator”  IEEE  Trans.  Microwave  Theory  Tech.,  vol.  41,  pp.  1816-1826, , 

P,  ?sat  Si  ~ 

[  H  E  M  B.  Steer,  J.  W.  Mink,  F.  K.  Schwering,  A  Paollela, 
and  1  Harvey,  "Demonstration  of  an  oscillating  quasioptical  slab  power 
combiner,"  in  IEEE  MTT-S  Int.  Microwave  Symp.  Dig.,  May  1995,  pp. 

181  Kang,  G.  P.  Monahan,  M.  B.  Steer,  J.  W  Mink,  J-  Harvey  A 
11  Paollela,  and  F.  K.  Schwering.  “A  dielectric  slab  waveguide  with  four 
planar  power  amplifiers,”  in  IEEE  MTT-S  Int.  Microwave  Symp.  Dig., 
May  1995.  pp.  921-924. 


11 


IEEE  MICROWAVE  AND  GUIDED  WAVE  LETTERS.  VOL.  3.  NO.  8.  AUGUST  1993 


253 


Experimental  Investigation  of  a  Quasi-Optical 

Slab  Resonator 

S  Zeisberg  Student  Member,  IEEE ,  A.  Schuenemann,  Student  Member,  IEEE ,  G.  P.  Monahan,  Student  Member,  IEEE , 
P.  L.  Heron,  M.  B.  Steer,  Senior  Member,  IEEE ,  J.  W.  Mink,  Fellow.  IEEE ,  and  F.  K.  Schwenng,  Fellow.  IEEE 


Abstract — A  quasi-optical  slab  resonator  for  TE  modes  was 
experimentally  characterized  to  demonstrate  a  planar  technology 
for  quasi-optical  devices.  Predicted  and  measured  frequencies  of 
resonance  of  the  TE  slab  modes  and  electric  field  profiles  are  in 
close  agreement. 

I.  Introduction 

UASI-OPTICAL  propagation  is  an  attractive  means 
for  routing  signals  at  millimeter-wave  frequencies  and 
above.  This  is  partly  because  lateral  dimensions  are 
relaxed  and  because  waveguiding  is  not  dependent  on 
metallic  conductors  which  become  excessively  lossy  at 
these  frequencies.  Instead  signals  propagate  in  a  dielectric 
medium  and  are  periodically  refocused  using  lenses  and/or 
reflectors  [1],  [2].  Almost  all  of  the  functions  available  in 
conventional  (conductor-based)  waveguiding  are  available  by 
placing  functional  components  in  the  quasi-optical  beam  (2], 
[3],  Complete  quasi-optical  signal  processing  systems  however 
cannot  be  photolithographically  defined  thus  limiting  mass 
production  and  contributing  to  high  cost.  With  the  aim  of 
developing  a  waveguiding  medium  which  is  more  amenable 
to  photolithographic  reproduction  and  also  with  reduced  size, 
Mink  and  Schwering  have  proposed  a  hybrid  dielectric  slab- 
beam  waveguide  (HDSBW)  [4].  This  structure  combines  the 
wave-guiding  principles  of  dielectric  surface  waves  and  the 
confined  beam  corresponding  to  Gauss-Hermite  beam  modes. 
In  this  letter,  an  experimental  investigation  of  the  mode 
structure  and  field  profiles  of  several  modes  of  a  HDSBW 
resonator.  Fig.  1  is  reported. 

II.  Slab  Beam  Modes 

The  HDSBW  uses  two  distinct  waveguiding  principles  in 
conjunction  with  each  other  to  guide  electromagnetic  waves. 
In  the  direction  normal  to  the  slab  surface  the  guided  waves 
should  behave  as  surface  waves  of  the  slab  guide;  their 
energy  largely  confined  to  the  interior  and  near  the  surface 
of  the  dielectric  with  the  electric  and  magnetic  field  strengths 
exponentially  tapering  off  into  the  air  region.  In  the  lateral 
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Fig.  1.  Planar  quasi-optical  slab  resonator:  HDSBW  resonator,  the  dielectric 
is  Rcxolite  (er  =  2.57.  tan/>  =  0.0006  at  X-band).  a  -  30.48  cm,  b  -  38.10 
cm.  r  =  60.96  cm,  t  =  01.27  cm. 

direction  the  waves  should  behave  as  Gauss-Hermite  beam 
modes  which  are  reflected  by  the  curved  reflector.  A  HDSBW 
supports  TE-  and  TM-slab  beam  modes,  defined  with  respect 
to  the  direction  of  propagation.  The  mode  families  are  TEmn9 
and  TMmn?  where  m.  n,  and  q  are  the  mode  indices  in  the 
normal  (x),  transverse  (y)  and  longitudinal  ( z )  directions.  For 
the  resonator  of  Fig.  1  with  the  L-shaped  antenna  parallel 
to  the  ground  plane  a  large  number  of  resonant  responses 
were  observed  for  different  longitudinal  and  transverse  mode 
numbers  of  the  TE  modes.  In  this  case,  weaker  and  lower 
Q  TM  mode  responses  were  detectable.  With  this  antenna 
orientation,  TE  modes  are  preferentially  excited  while  the 
excitation  of  the  TM  modes  is  poor.  With  the  L-shaped 
antenna  rotated  so  that  it  was  normal  to  the  ground  plane  TM 
mode  resonances  were  larger  but  the  TE  responses  were  weak 
compared  with  the  parallel  antenna  orientation.  The  transverse 
order  of  the  modes  was  determined  by  field  profiling.  The 
resonant  frequencies  of  the  observed  TE  modes  are  plotted  in 
Fig.  2  with  the  L-shaped  antenna  parallel  to  the  ground  plane. 
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Fik.  2.  Observed  TE-mode  resonant  frequencies  for  various  transverse 
modes. 


The  measured  quality  factor  Q  of  the  TE-mode  resonances 
increases  with  frequency  and  peaks  at  a  value  of  2240  at 
11.5  GHz.  The  published  loss  tangent  of  0.0006  at  X-band 
of  the  Rexolite  dielectric  [5]  corresponds  to  a  Q  of  1667 
in  this  frequency  range.  This  is  an  upper  limit  on  Q  of  the 
slab  resonator  and  is  modified  by  additional  losses  due  to  the 
grounded  copper  plane  but  with  reduced  dielectric  losses  as 
a  part  of  the  beam  energy  is  guided  outside  the  slab.  The 
lateral  dimension  of  the  slab  resonator  was  chosen  to  be  three 
times  the  beam  waist  (between  the  1/c  field  points)  of  the 
fundamental  Gaussian  beam  mode  at  the  lower  limit  of  the 
frequency  range,  so  as  to  minimize  side-wall  effects. 

1U.  Frequencies  of  Resonance 

The  propagation  constant,  ^n<?,  of  the  TLon?  resonant 
modes  of  the  semi-confocal  HDSBW  resonator  is  [4,  (27), 
(29)] 


This  is  related  to  the  resonant  frequency  of  the  TEo»9  mode 
by  (6,  (46)] 


These  equations  were  numerically  solved  to  obtain  the  TEon9* 
mode  resonant  frequencies  Jovq.  Using  a  constant  relative 
permittivity  of  2.57  [5]  for  X-band  results  in  a  difference 
between  measured  and  calculated  resonant  frequencies  except 
in  the  center  of  the  frequency  range;  apparently  because  the 
relative  permittivity,  er,  depends  on  frequency.  The  decrease 
of  cr  with  increasing  frequency  [5]  yields  a  relative  error  in 
the  prediction  of  the  frequencies  of  resonance  of  the  HDSBW 
resonator  of  0.18%  (15  MHz)  in  the  worst  case,  occurring  at 
the  lower  limit  of  X-band. 

IV.  Mode  Profile 

The  field  profiles  at  resonance  of  the  lower  order  transverse 
modes  of  the  q  =  27  family  of  the  TE  modes  are  depicted 


rJg  3.  Measured  and  calculated  field  profile  of  the  lowest 

nodes  (at  resonance):  (a)  TEo.o.^t  (9.986  GHz),  (b)  TEo,,  ,27  (10.056  GHz). 


^  H0.126  GHz). 


in  Fig.  3  superimposed  on  Gauss-Hermile  functions.  The 
measurements  and  calculations  were  performed  at  14  cm 
from  the  planar  reflector  in  the  z-direction.  The  relative 
field  strength  was  measured  as  the  change  in  the  reflection 
coefficient  as  a  small  pyramid  of  lossy  material  was  moved 
across  the  surface  of  the  slab.  For  the  TEo.o.ar  and  TE0,2,27 
modes,  the  antenna  was  placed  at  the  y  =  0  position  as  then 
these  modes  are  efficiently  excited.  For  the  TEo.i.it  mode 
a  field  null  occurs  at  y  =  0  and  so  the  field  profile  of  this 
mode  was  made  with  the  antenna  at  y  =  -2.54  cm.  The 
main  lobes  match  the  Gauss-Hermite  functions  and  verify  the 
assumed  model  of  wave  beam  propagation  predicted  by  Mink 
and  Schwering  [4].  The  side  lobes  are  assumed  to  result  from 
radiation  modes  of  the  HDSBW  and  additional  TM-modes. 
Another  factor  of  influence  is  the  finite  size  of  the  reflector 
resulting  in  diffractions  at  the  edges  and  changing  the  border 
conditions  of  the  field  propagation.  Putting  tapered  wedges  at 
the  slab  edges  did  not  change  the  field  profiles  s.gmficantly. 
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V.  Discussion  and  Conclusion 

The  HDSBW  bridges  the  gap  between  conventional  dielec¬ 
tric  wave-guides  used  at  millimeter  wave  frequencies  and  the 
slab  type  dielectric  waveguide  used  at  optical  frequencies. 
It  appears  that  the  behavior  of  the  fields  in  a  HDSBW 
resonator  is  similar  to  that  in  an  open  resonator.  The  major 
difference  is  that  most  of  the  energy  in  the  fields  is  confined 
to  the  dielectric  region.  With  an  open  cavity  efficient  and 
robust  power  combining  is  accomplished  in  three  dimensions. 
In  the  planar  slab  resonator,  power  would  be  combined  in 
two  dimensions  with  the  Q  of  the  resonances  less  due  to 
the  inherent  losses  of  the  dielectric  and  conduction  losses 
of  the  ground  plane.  Nevertheless  the  hybrid  dielectric  slab 
beam  v/aveguide  should  be  well  suited  as  a  transmission 
medium  for  the  design  of  planar  quasi-optical  integrated 
circuits  and  devices  operating  in  the  millimeter-wave  and 
submillimeter-wave  regions.  The  HDSBW  resonator  should  be 
the  appropriate  means  for  power  combining  in  these  regions 


as  lateral  dimensions  arc  relaxed  in  just  one  dimension  and 
passive  and  active  devices  can  be  introduced  by  selectively 
metalizing  the  surface  or,  utilizing  lamination,  interior  surfaces 
of  the  slab. 
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Abstract 

A  two-dimensional  quasi-optical  hybrid  dielectric  slab  beam  mode  waveguide 
(lll)SHW)  with  a  5x4  MMIC  amplifier  array  is  demonstrated-  Performance  of 
this  2D  concave-lens  HDSBW  system  including  amplifier  gain  and  total  system  oss, 
input  power  vs  output  power  and  surface  field  patterns  arc  presented,  methodology 
for  the  future  planar  quasi-optical  (QO)  power  combiners. 


Introduction 


Several  architectures  employing  solid-state  devices  have  been  developed  for  QO 
power  combiners.  Among  them,  the  21)  HDSBW  power  combiner  ha.  the  advan-, 
tage  of  small  she,  light  weight  and  perhaps  more  easily  fabricates  in  monolithic 
technology.  In  our  previous  paper  [2],  a  4x1  MESFET  amplifier  array  located 
underneath  the  slab  with  a  maximum  amplifier  gain  and  output  power  of  19-5  di 
and  5  dBm,  respectively.  Even  though  the  gain  Is  high,  the  output  power  level  is  not 
enough  for  the  practical  applications  of  this  system.  A  principle  problem  with  this 
system  is  excessive  loss.  In  this  paper,  the  HDSBW  with  a  large  MMIC  amplifier 
array  shown  in  Fig.  !  (a)  is  investigated  for  higher  output  power  and  excessive 
system  loss  is  identified  and  substantially  reduced.  Measured  date  shows  that  this 
concavc-lrns  HDSBW  system  has  the  maximum  amplifier  gain,  system  gain  and 
output  power  or  30  <111,  H  dll  and  H.C8  dBm  at  8.828  GHz,  respectively. 

II.  System  Description  and  Loss  Mechanism 

The  I1D51IW  system  with  a  5x4  amplifier  array  underneath  the  slab  is  shown 
in  Fig.  1  (a)  with  <i\  =  15.0  cm,  d7  =  40  cm  ami  di  -  15.4  cm.  The  slab  is 
1  27cm  thick  and  27.94  cm  wide.  The  relative  dielectric  constant  is  t,  =  2.50  lor 
the  slab  and  ia  f.M  -  10.5  for  the  ..Ummt  .uh.tr.U.  The  «.»«.  Ic««  «  *" 
region  with  a  radius  30.48  cm,  and  is  used  for  Icjs  bcammode  scattering  loss  (see 
[2]).  The  amplifier  unit  shown  in  Fig.  1  (b)  has  two  Vivaldi  antennas  and  sits  in 
a  metal  carrier  to  amplify  the  guided  TE  beammodes.  The  amplifier  unit  employs 
two  cascaded  MMIC  chips  (Mini-Circuit'  KRA-I).  The  carrier  not  only  stop.  He 
radiation  of  the  antenna  leaking  through  the  antenna  substrate,  but  also  provides 
a  good  heat  sink  for  the  amplifier  chips.  As  the  antenna  sitting  inside  a  earner, 
its  5,|  differs  from  that  of  the  old  taper  antennas  which  were  used  m  our  previous 
work,  lienee  the  variation  of  5„  of  the  antenna  should  be  carefully  eons.dercd  again 
to  ensure  matching  between  the  antenna  and  MMIC  chip.  By  iteratively  ming  the 
MoM  method  simulator  developed  by  Nuicson  el  nf.t  [l  j,  the  antenna  was  optimized 
for  oncration  around  9  GHz  as  shown  in  Fig.  2  (a).  The  normalized  |5jiI  Dm 
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ante. rui a -to- horn  path  for  the  system  with  and  without  a  metal  rover  is  shown  m 

|or  the  system  without  the  amplifiers,  its  passive  system  loss  is  about  5±1  dll 
over  the  operation  frequency  range.  As  the  system  is  with  amplifier  unbiased,  the 
insertion  loss  due  to  the  amplifier*  i*  about  2.5±1  dH.  The  total  system  I03*  ran  he 
obtained  by  adding  the  passive  loss  with  the  insertion  loss.  'I  hrough  the  experiment 
we  have  identified  three  major  source*  of  loa»,  and  each  of  which  is  ( I )  scattering  loss 
into  the  open  region  above  the  slab;  (2)  fractional  capture  of  power  by  the  horn  and 
non-optimum  horn  design;  (3)di«contim.ity  at  the  lens  resulting  m  both  reflective 
loss  at  the  dielectric  interface.  In  essence,  discontinuities  have  a  much  greater  effect 
on  (faltering  in  a  system  without  a  metal  top  than  a  system  with  a  metal  top.  So 
the  strategy  was  to  use  a  parallel  plates  to  reduce  scattering. 

III.  Performance  or  the  HDSBW  Amplifier  System 

For  the  purpose  of  raising  the  output  power  level,  more  amplifier  units  are  added 
into  the  slab  system  and  they  arc  arranged  to  be  a  5x4  array.  The  area  of  this  array 
is  12  cm  wide  and  30  cm  long.  The  whole  concave  lens  system  is  also  covered  by 
a  12-irch-widc  metal  plate.  Since,  the  flatness  of  the  metal  plate  located  above 
the  system  largely  affected  the  Input  wave,  Kin,  and  output  wave,  Kampi  of  each 
amplifier  unit,  a  heavy  block  was  placed  on  this  plate  to  adjust  the  flatness  to  tune 
the  £,*  so  that  all  E*mp  will  have  coherent  output  amplitudes  and  phases.  In  Fig. 

3  (a),  the  amplifier  gain  and  loss  for  the  system  with  a  “adjusted"  metallic  top  is 
shown  with  the  maximum  amplifier  gain  or  30  dB  at  8.828  Gflx  as  =  -3  dllm. 
The  output  power  vs  frequency  is  shown  in  Fig.  3  (h)  and  the  system  gain  is  about 
7.5  dll  as  ft*  =  *3  dBm.  Note  that  the  bandwidth  of  the  positive  system  gain  is 
70  MHz,  and  this  emphasizes  that  the  system  performance  not  only  depends  on  the 
ability  of  the  amplifier  array  but  is  also  highly  sensitive  to  the  flatness  of  the  plate. 

The  /Ut  vs  /’,„  at  8.828  GHz  is  shown  in  Fig.  4  (a).  The  maximum  output 
power  is  about  9  dBm  as  ft*  =  -G  dBm  and  ft*  =  10  dBm,  and  the  system  gain 
(/o«i  -  / *r»)  has  a  maximum  value  of  14  dll  with  /*•*  =  -G  dBm.  The  system  gain 
decreases  with  ft*  >  -C  dBm.  The  measured  |£J  patterns  arc  plotted  in  Fig.  4  (b). 
The  profile  of  |E,UAnip  ON)  is  about  10  to  18  dll  above  that  of  |£„|  (No  Amp) 
for  the  —1  >  y  >  9  cm  region.  The  amplified  |/v„|  has  a  dip  in  the  middle  and  looks 
like  the  second-order  Gaussian  bcainmode.  Since  the  horn  aperture  is  from  -4.5  cm 
to  4.5  cm,  then  only  some  part  of  the  amplified  energy  is  received.  By  counting  the 
power  outside  the  horn,  an  additional  gain  of  5.G8  dB  could  he  added  to  the  output 
power,  and  the  maximum  |»#„,  becomes  14.68  dBm.  Comparing  the  output  power 
of  5  dBm  In  [2],  an  Improvement  of  9.68  dB  for  the  output  power  level  has  been 
successfully  achieved. 

IV.  Conclusion 

A  21)  HDSBW  amplifier  system  with  a  5x4  MM  1C  amplifier  array  is  demon¬ 
strated.  The  driving-point  impedance  and  the  energy  transfer  the  between  antenna 
and  the  horn  has  been  optimized  and  improved.  System  performance  including  the 
amplifier  gain  and  system  gain,  system  loss  due  to  the  lenses  and  amplifiers,  the 
pattern*  of  romUJned  power,  and  output  power  level  arc  disc  uaaed.  Till*  6x1  MMIC 
amplifier  system  generates  almost  10  times  output  power  than  that  from  the  system 
with  a  4x1  MESFET  array. 


16 


References 


[1|  T.  W.  Nntcson,  M.  H.  Steer,  K.  Maishadham,  J.  W.  Mink,  and  J.  Harvey, 
‘•Klectromngnetk  modeling  of  finite  grid  structures  in  quasi-optical  system, 
fh'EE  MTT-S  ini.  Microwave  Symp.  Dig pp.  1251-1251,  June  199G. 


121  II.  Hwang,  T  W.  Nuteson,  M.  H.  Steer,  J.  W.  Mink,  J.  Harvey,  and  A.  I  aol- 
Ida,  “Two-dimensional  quasi-opticai  power  combining  system i  perforin ance  anti 
component  design  ,M  IEEE  M'l'T-S  Ini.  Microwave  Symp.  Dig.,  pp.  927-J3U, 
June  1906. 


Figure  I:  (a)A  concave-lens  HDSBW  with  a  5x4  ampliner  array  underneath  a  thin 
slab,  (b)  An  antenna  unit  siU  inside  a  carrier  underneath  the  slah  system. 
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Abstract- A  hybrid  dielectric  slab-beam  waveguide  is  suitable 
for  the  design  of  planar  quasi-optical  integrated  circuits  and 
devices.  In  this  paper  a  2-D  quasi-optical  power-combining 
system  with  convex  and  concave  lenses  was  investigated. 
The  system  employs  an  active  E-plane  amplifier  array 
consisting  of  Vivaldi-type  antennas  with  MESFET  and 
MMIC  devices.  The  system  was  tested  by  switching  the 
amplifier  bias  off  and  on  while  measuring  the  power  with  an 
E-plane  horn.  Tests  were  performed  with  a  single  MMIC 
amplifier  and  a  4  x  1  MESFET  amplifier  array.  The 
amplifier  array  generated  11  dB  and  4.5  dB  of  amplifier  and 
system  gain  respectively  at  7.12  GHz,  and  the  single  MMIC 
Vivaldi-type  antenna  produced  24  dB  of  amplifier  gain  at  8.4 
GHz. 


I.  Introduction 

Spatial  power  combining  has  emerged  as  a  promising 
technique  for  power  combining  at  millimeter  and  sub- 
millimeter  wave  frequencies.  One  embodyment  of  spatial 
power  combining  is  quasi-optical  power  combining  based 
on  the  principle  that  radiated  fields  produced  by  an  array 
of  solid  state  active  devices  may  be  combined.  The  fields 
are  combined  utilizing  wavebeam  principles  in  free  space 
or  dielectric  material  to  generate  reliable  power.  Periodic 
refocusing  of  the  beam  is  accomplished  by  the  use  of 
optical  lenses  to  combine  the  power  in  a  single  paraxial 
mode.  The  large  transverse  and  longitudinal  dimensions 
of  the  quasi-optical  structures  provide  significant  area  for 
the  active  MMIC  devices  and  control  components  to  be 
included  within  the  structure.  The  most  mature  quasi- 
optical  structures  include  grid  amplifiers  and  resonant 
cavities  where  the  power  is  combined  in  three-dimensional 
space  (3-D)  [1,  2].  However,  two-dimensional  (2-D) 
technology  offers  an  alternative  approach  with  significant 
advantages.  Mink  and  Schwering  [4]  proposed  a  2-D 
hybrid  dielectric  slab-beam  waveguide  (HDSBW)  which  is 
more  amenable  to  photolithographic  definition  and 
fabrication,  and  is  more  compatible  with  the  MMIC 
technology  [5,6].  The  2-D  HDSBW  has  reduced  size  and 
weight,  and  improved  heat  removal  capability  which 
results  in  lower  costs. 


Figure  l:Passive  2D  quasi-optical  power  combining  system  (a) 
convex  lenses  and  (b)  concave  lenses. 


Figure  2:  The  HDSBW  system  with  convex/concave  lenses  and  4  x  I 
MESFET  amplifier  array. 


IV.  Principles  cooperation 


The  HDSBW  uses  two  distinct  waveguiding  principles  to 
guide  the  electromagnetic  wave  [5,7].  The  input  energy 
travels  in  a  Gaussian-Hermite  mode  along  the  slab 
waveguide.  In  the  x-dircction,  the  field  distribution  is  that 
of  a  surface-wave  mode  of  the  grounded  dielectric  slab, 
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Figure  3:  Wave  model  for  2D  power  combining 


Source 


MESFET  amplifier  on 
RT/Duriod  substrate 
Figure  4:  MESFET  Vivaldi  amplifier 

the  wave  is  guided  by  total  reflection  at  the  air-to- 
diclectric  interface  and  parameters  are  adjusted  such  that 
energy  is  transmitted  primarily  within  the  dielectric.  In  the 
y-direction  the  field  distribution  is  that  of  a  wave 
beammode  (Guass-hermite)  which  is  guided  by  the  lenses 
through  periodic  reconstitution  of  the  cross  sectional  phase 
distribution.  The  guided  modes  can  be  cither  TE  or  TM 
polarized  with  respect  to  the  direction  of  propagation 
whose  period  is  the  spacing  of  the  lenses.  Figure  1  shows 
the  passive  HDSBW  employing  two  examples  of  periodic 
refocusing.  Figure  1(a)  shows  convex  lenses  that  are 
utilized  to  periodically  reset  the  wavebeam  phase  and 
Figure  1(b)  displays  this  principle  by  utilizing  concave 

lenses. 


The  principle  employed  here  to  obtain  signal  amplification 
is  similar  to  that  of  a  traveling  wave  amplifier.  An  array  of 
active  elements  located  underneath  the  dielectric  slab  is 
placed  in  the  path  of  the  wavebeam  as  shown  in  Figure  2. 
Each  active  element  consists  of  a  pair  of  back-to-back 
Vivaldi  antennas  with  an  amplifier  inserted  between  the 


two  antennas.  Part  of  the  incident  signal  the  thru  wave, 
passes  through  the  dielectric  slab  undisturbed.  The 
remaining  signal  is  amplified  by  the  array  The  first 
Vivaldi  antenna  couples  energy  from  the  incident  traveling 
wavebeam,  and  the  second  Vivaldi  antenna  reinsert  the 
amplified  signal  back  into  the  traveling  wave  beam. 
Maximum  coupling  to  the  array  occurs  when  the  energy 
from  the  first  lens  focuses  energy  to  the  input  of  the 
Vivaldi  antennas.  The  signal  is  amplified  by  the 
MESFETs  and  is  coupled  by  the  output  Vivaldi  antennas 
to  the  traveling  wavebeam  where  it  combines  in  phase 
with  the  through  signal  as  shown  in  Figure  . 
Consequently,  a  growing  traveling  wavebeam  mode  is 
established  within  the  guiding  structure  resuting  in 
increased  output  power. 

III.  System  Configuration 


The  system  configuration  for  the  HDSBW  shown  in  Figure 
2  consists  of  rectangular  dielectric  slab  made  of  Rexolite 
(E,  =  2.57,  tan5  =  0.0006)  placed  on  a  conducting  ground 
plane.  Two  concave  cylindrical  lenses  made  of  Macor  (e, 

=  5.9,  tan 8  =  0.0006)  with  focal  lengths  equal  to  28.54  cm 
were  inserted  between  the  dielectric  slab.  The  dielectric 
slab  dimensions  length  (dl  +  d2  +  d3),  width  (w)  and 
thickness  (d)  were  62  cm,  27.94  cm  and  1.27  cm 
respectively.  The  Vivaldi  antenna  MESFET  amplifiers 
were  located  underneath  the  dielectric  slab  in  the  ground 
plane.  Each  Vivaldi  antenna  was  fabricated  using 
RT/Duroid  6010  substrate  fe  =  10.2,  tan  5  =  0.0028)  with 
the  dimensions  6.5  cm  x  1 .5  cm.  Two  E-plane  horns  were 
designed  and  fabricated  that  efficiently  launch  and  receive 
the  required  wavebeam. 

Y.  Experimental  Results 

Two  tests  were  performed,  the  first  utilized  a  4  x  1 
MESFET  Vivaldi  amplifier  array  as  shown  in  Figure  2, 
and  the  second  employed  a  single  MMIC  Vivaldi  amplifier 
located  under  the  dielectric  slab  (see  Figure  6).  A  measure 
of  the  relative  energy  coupled  to  the  amplifier  amay  was 
obtained  by  switching  the  amplifier  bias  levels  off  and  on 
while  measuring  the  output  power,  ?ou,..  The  system 
performance  for  the  active  Vivaldi  amplifier  array  was 
determined  by  the  system  gain  and  amplifier  gam.  This 
provided  an  indication  of  the  incident  signal  that  passes 
through  the  dielectric  as  an  undisturbed  traveling  wave. 

Fi°ure  5  shows  the  total  system  performance  of  the 
MESFET  amplifier  array  at  7.12  GHz  using  concave 
lenses.  A  plot  of  P,„  versus  P„ui  is  indicated  by  AMP  OFF 
and  AMP  ON  respectively.  The  input  power,  P,-„  vane 
from  -45  dBm  to  +10  dBm  in  +5  dBm  increments.  The 
power  ratio  between  Pou,  and  P,„  was  relative  y  constan 
for  P,„  less  than  -15  dBm,  however  P„u,  reached  the 


Pout  (dBm) 


Pin  (dBm) 

Figure  5:  Input  and  output  power  of  the  concave-lens  4  x  1 MESFET 
array. 

saturation  condition  with  P„  greater  than  -15  dBm  The 
maximum  system  gain  of  4.5  dB  occurred  at  ^  =  -15  dBm 
while  the  amplifier  gain  on  to  off  measured  was  1 1  dB. 


The  second  test  was  performed  with  a  cascaded  pair  of 
MM1C  amplifiers  in  order  to  achieve  higher  power  levels^ 
In  Figure  6  the  amplifier  gain  of  the  Vivald,  amphfier  was 
determined  by  placing  a  metal  screen  transverse  t^^a, 
Vivaldi  structure.  The  V.valdt  amphfier  and  the meOJ 
wall  were  placed  5.5  cm  and  9.7  cm  respecuvely  from  the 
input  horn.  A  concave  lens  was  placed  in  the  middle .of  a 
40  cm  dielectric  slab.  '(Tic  slit  in  the  met?l  wall  allowed 
for  only  input  power  of  the  amplifier  and  the  amplified 
energy  to  go  through  the  system  so  that  the  amplifier  gain 
could  be  measured.  The  amplifier  gam  shown  m  Figure  7 
was  determined  by  switching  the  bias  voltage  on  and  o  , 
while  measuring  the  power  difference  detected  by  the 

•  •  Knm  The  amplifier  gain  indicates  that  more 
receiving  horn.  the  amp  urei  g 

than  10  dB  of  gain  was  produced  from  7  GHz  t0  10’ 

with  a  maximum  gain  of  24  dB  at  8.4  GHz. 


Figure  7:  Amplifier  gain  for  a  unit  eel.  amplifier  with  cascaded 
MMIC  chips. 


VI.  Conclusions 

t  2-D  HDSBW  spatial  power  combining  system  suitable 
'or2pl,„  LgLd  circuits  -  1c»te  S 

demonstrated.  The  j  a  <  jd  nr  system 

nroduced  11  dB  of  amplifier  gain  and  4.5  dB  ^ 
n  at  8.4  GHz.  Operating  at  7  12  GHz  a  single  MMIC 
amplifier  produced  24  dB  of  ^phficr  gam.  By 
combining  more  MMIC  instead  °f  MESF^Ts  gre 
power  can  be  achieved.  This  paper  shows  that  2D  spatial 
system  is  suitable  for  planar  MMIC  technology. 
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1  Introduction 

Several  ^optical  systems  have  hem  reprn^ 

resonant  cavity  oscillators  [3,  ],  micros  p  j  b  system  described  here  has  the  advantage 

5SSi 

source,  active  or  injection,  [7],  an  amplifier  array  [],  np )  e  ,  lenses  are  used  to 

be  used  for  steering  the  energy  out  of  the  dements  in  the  system.  In  this  work 

focus  the  guided  waves  for  optimal  field  cone  Ration  on  tke  ekmente  m  ^  ^  ^  2.  The 

we  present  the  amplifier  array  stage  using  °  amplifiers  and  two  thin  convex/concave  lenses. 

DSBW  amplifier  system  incorporates  four  M  P  b  t  tb  guided  waves  are 

The  waveguide  system  was  adj^ted  w.th  the  t ra^t (f=  2.57,  tan«  = 
focused  near  the  aperture  of  the  receiving  h  .  The  convex  lenses 

0.0006  at  X-band  ),  and  it  is  27.94  cm  wrde,  6  cm  long,  and  L27  cm  ^  ^  ^  ^  (le 

are  fabricated  from  Maeor  (<  -  6.9,  tanS  -  0.00  )  and  the 

focal  length,  /,  b  28.54  cnuThe  concave  !»*«“'“  ^  desi(pled  ,0  be  wide 

focal  length,  /,  is  40.4  cm.  The  aperture  width  ,  h  -  ut  radiator  propagates  in 

enough  to  catch  most  of  the  amplified  power,  nergy  e  j  :s  f0CUSed  by  the  first  lens  in 

a”nl«Ptol  TE  Gaussian  mode  in  the  dielectnc  “  ceUs  are  within  the 

the  middle  area  of  the  slab.  This  system  is  designed  so  that  the  arnpimer 

beam  waist  (the  1/e  field  points).  ATF-10235  MESFETs.  This  design 

war  derived  from  the  active  elot-li.e  notch ^na £  Lev»cK  t adTa tofand  b  specifically 
two  end-fire.  Vivaldi  antenna  tapers  which  are  gate-rec  advantage  of  locating  the 

designed  to  eliminate  J° beam-mode  peitmhation,  scattering  losses,  and 

Tf 'Ttte' 'in^tliT  due  to  the  amplifier  atrnctnre.  These  are  problems  with  ampliiiem 
mounted  on  the  surface  of  the  slab  [8]  and  in  the  more  conventional  grid  system. 
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Dkicdrictbb 


L^ocCk* 


Figure  1:  A  dielectric  slab  beam  waveguide  system. 


Figure  2:  Amplifier  array  stage  with  convex  and  concave  lenses. 

Experimental  Results  and  Discussions 

ssive  measurements  were  made  on  the  DSBW  system  with  no  , mpBfi « 

ivex  and  concave  lenses.  The  concave  lens  system  has  prr  r  the 

1  “1  O  K,  4  shows  the  electric  field  measured  at  a  frequency  of  7.28  GHz  for  both  the 

Iv^d  coneave  lenses.  This  measurement  estimates  the  loss  due  to  the Tens*  ^ ^ 
is  loss  is  approximately -3.66  dB  and  the  concave  errs ‘beta  and  after  toes, 
imation  is  obtained  by  integratmg  the  areas  under  the  u  stowtog  lower 

Fig.  5,  the  insertion  loss  is  given  for  both  cases  where  the  to  syft™  »  ^  ^ 

JS  The  reason  for  this  is  that  the  input  wave  scattered  by  the  amplifier  ar  y  g 
are  easily  for  the  concave  lens  system  than  for  the  convex  lens  system 
Th^pMe,  gain,  computed  as  the  ratio  be, ween 

■p*  fi  fnr  both  concave  and  convex  lens  systems.  The  amplitie  g  , 

^SdXr^nvex  case  as  P„  is  -12.4  dbm.  This  implies.that  the  concave  lens  system 


24 


ta  ^  p,~ *.  coT  >« ,—  tie  f0“ MESFET 

amplifiers  were  placed  on  the  gronnd Pl»«  .  7  fot  both  the  concave  and  convex  systems 

The  system  gain  (defined  as  Pout/ Pin)  ^  svstem  gain  is  approximately  7.7  dB 

with  and  without  a  metallic  top  cover.  «,v«r"  ves  a  system  gain 

energy  for  convex  lens  system. 

3  Conclusions  „ 

We  have  demonstrated  quasi-optieal  power  Tte P'rfor- 

SiSSi  “17"^  h^ than  the  convex  lens  system  indnding  passive  system 

gain,  amplifier  gain,  and  active  system  gam. 
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Figure  4:  \Ey\  distributions  before  and  after 
lenses. 
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Figure  6:  Amplifier  gain  in  convex-lens  and 
concave-lens  systems. 
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Abstract.  This  paper  presents  a  quasi-optical 
MESFET-based  dielectric  slab  waveguide  with  an  am¬ 
plifier  array.  Up  to  19  dB  amplifier  gain  and  9.5  dB 
system  gain  is  obtained  at  7.38  GHz.  Measurements 
of  amplifier  and  system  gain,  |S2i|,  output  power  vs. 
input  power  and  transverse  power  distribution  are  pre- 
sented. 


1.  Introduction 

Several  quasi-optical  structures  have  been  reported, 
including  wave  beam  type  [1],  grid  type  [2],  mi¬ 
crostrip  coupling  type  [3],  and  dielectric  slab  beam 
waveguide  type  (DSBW)  [4]  for  power  combining. 
The  dielectric  slab  system  has  the  advantage  of  be¬ 
ing  two-dimensional  and  is  thus  more  amenable  to 
photolithographic  reproduction  than  the  conventional 
open  quasi-optical  power  combining  structures.  Pre¬ 
vious  investigations  of  the  quasi-optical  dielectric  slab 
cavity  and  waveguide  [5],  [6]  demonstrated  the  suitabi  - 
ity  of  this  structure  for  the  integration  of  quasi-optical 
power  combining  MMIC  technology.  In  this  work,  the 
amplifier  arrays  are  located  on  'the  ground  plane  to 
reduce  perturbation  and  scattering  loss  of  the  beam- 
modes.  Measurements  of  amplifier  gain  and  system 
gain,’  output  power  vs.  input  power  and  transverse 
electric  field  distribution  are  presented.  At  7.38  GHz, 
amplifier  gain  and  system  gain  reach  19  dB  and  9.5 
dB,  respectively. 


2.  Dielectric  Slab  Power  Combining  System 

The  dielectric  slab  waveguide  amplifier  system  in¬ 
corporates  four  MESFET  amplifiers  and  two  thin  con¬ 
vex  lenses  as  shown  in  Fig.  1.  Detail  of  the  active 
region  is  shown  in  Fig.  2.  The  waveguide  system  was 
adjusted  with  'the  transistors  turned  off  so  that  the 
guided  waves  are  focused  near  the  aperture  of  the  re¬ 
ceiving  horn(dl  =  12  cm,  d2  =  44  cm,  d3  -  16  cm). 
The  dielectric  slab  is  Rexolite  (f  =  2.57,  tanfi  =  ff-0006 


DIELECTRIC  SLAB  AMPLIFIERS 
INSIDE  SLAB 


Figure  1:  Dielectric  slab  waveguide  system  with  MES- 
FET  amplifiers  inside. 


dielectric  slab 
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at  X-band  ),  and  it  is  27.94  cm  wide,  62  cm  long,  and 
1  27  cm  thick.  The  lenses  are  fabricated  from  Ma- 
cor  _  5.9_  tan5  =  0.0025  at  100  kHz)  with  a  ra¬ 
dius  of  30.48  cm,  and  the  focal  length,  /,  is  28.54  cm. 
The  aperture  width  of  both  horn  antennas  is  9  cm, 
designed  to  be  wide  enough  to  catch  most  of  the  am¬ 
plified  power.  Energy  emitted  from  the  input  radiator 
propagates  in  a  quasi-optical  TE  Gaussian  mode  in  the 
dielectric  slab  waveguide, and  is  focused  by  the  first  lens 
in  the  middle  area  of  the  slab.  This  system  is  designed 
so  that  the  amplifier  unit  cells  are  within  the  beam 
waist  (the  1/e  field  points). 

The  amplifier  unit  cells  are  7  cm  x  1.5  cm  and  em¬ 
ploy  HP  ATF-10235  MESFETs.  This  design  was  de¬ 
rived  from  the  active  slotline  notch  antenna  by  Lev- 
erich,  et  al.  [7].  An  amplifier  unit  includes  two  end- 
fire  Vivaldi  antenna  tapers  which  are  gate-receiver  and 
drain-radiator,  and  is  specifically  designed  to  eliminate 
surface-of-slab  to  ground-plane  resonance.  The  advan¬ 
tage  of  locating  the  amplifiers  on  the  ground  plane 
is  that  it  reduces  beammode  perturbation,  scattering 
losses,  and  reflection  of  the  input  energy  due  to  the 
amplifier  structure.  These  are  problems  with  ampli¬ 
fiers  mounted  on  the  surface  of  the  slab  [6]  and  in  the 
more  conventional  grid  system. 
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Figure  3:  Amplifier  gain  for  location  1.  This  location  is 
22cm  away  from  the  second  lens. 


3#  Experimental  Results  and  Discussions 

The  amplifier  arrays  were  located  at  two  loca¬ 
tions,  thus  receiving  different  input  power  distribu¬ 
tions'.  Figs.  3  and  4  show  the  amplifier  gains  with 
system  input  powers  of  -16  dBm,  -13  dBm  and  -10 
dBm.  The  amplifier  gains  are  obtained  by  taking  the 
ratio  of  the  measured  IS21 1  when  the  amplifiers  are  with 
and  without  bias.  The  highest  amplifier  gain  is  19  dB 
in  location  1  with  a  system  input  power  -16  dBm.  This 
amplifier  gain  can  compensate  the  insertion  loss  due  to 
the  beammode  energy  scattered  by  the  amplifiers. 

In  Fig.  5,  the  system  loss  and  insertion  loss  are 
shown.  The  system  loss  includes  beammode  scatter¬ 
ing  by  the  lenses,  and  the  horn  radiation  into  the  air. 
The  insertion  loss  is  due  to  beammode  perturbation 
by  the  amplifier  structure.  In  the  frequency  range  of 
operation,  the  system  loss  is  9-10  dB  when  the  system 
is  without  amplifiers,  and  the  insertion  loss  is  2.5  dB 
due  to  the  amplifiers  inserted  into  the  system. 

After  amplification,  the  guided  waves  spread  out 
wider  than  horn  aperture  (see  Fig.  9),  and  a  small 
proportion  of  the  amplified  energy  is  captured  by  the 
receiving  horn.  As  indicated  in  Fig.  6,  the  lenses  do 
serve  to  focus  energy  to  the  receiving  horn  in  spite  of 
the  scattering  losses  they  induce. 

Fig.  7  shows  the  system  output  power  P0ut  vs. 
input  power  P,n  when  the  amplifiers  were  with  and 
without  bias.  The  amplifier  gain  is  the  the  difference 


Figure  4:  Amplifier  gain  for  location  2.  This  location  is 
18cm  away  from  the  second  lens. 
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Figure  5:  \S2i\  of  the  dielectric  slab  with/without  ampli- 
&  Hers.  The  insertion  loss  of  the  unit  cells  alone 

is  the  difference  between  these  two  \S2l  I  curves. 
This  loss  is  believed  to  be  due  to  field  scatter¬ 
ing. 


Figure  6:  Comparison  of  amplifier  gain  with/ without 
lenses. 


between  Pout  (Amp  ON)  and  Pout  (Amp  OFF).  The  sys¬ 
tem  power  gain  is  obtained  by  subtracting  P*n  from 
Pout(Amp  ON).  When  Pout  =  -16  dBm,  system  power 
gain  and  amplifier  gain  are  9.5  dB  and  19  dB,  respec¬ 
tively.  Note  that  the  Pout  does  not  saturate.  This 
is  a  characteristic  of  the  quasi-optical  DSBW  ampli¬ 
fier.  When  the  the  amplifier  cells  saturate, the  excess 
input  power  continues  to  propagate  in  the  slab.  The 
power  added  efficiency  (PAE)  of  this  system  is  3.35%. 
However,  wTe  need  to  count  the  scattering  loss  from  the 
second  lens,  which  is  about  3.5  dB.  Therefore,  the  PAE 
is  about  7.5%. 

The  system  gain  (defined  as  P0vi/Pin)is  shown  in 
Fig.  8  with  Pin  =  10  dBm.  The  E-field  distribution 
measured  at  d  =  13  cm  is  shown  in  Fig.  9.  Compar¬ 
ing  the  field  distributions  for  amplifiers  without  biases 
and  for  no  amplifiers  inside  the  slab,  we  find  that  the 
\Ey\  decreases  about  2  to  4  dB  due  to  the  insertion  of 
the  amplifier  unit  cells  in  the  -5  cm  <  y  <  5  cm  re¬ 
gion.  Analysis  indicates  that  only  66%  of  the  amplified 
energy  is  captured  by  the  receiving  horn.  Consider¬ 
ing  37%  of  amplified  energy  is  not  received,  the  power 
added  efficiency  should  be  11.2%. 
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Figure  7:  Pout  vs  Pin  as  amplifiers  with/ without' bias 


4.  Conclusions 

We  have  demonstrated  quasi-optical  power  combin¬ 
ing  in  a  dielectric  substrate  with  amplifiers  located  on 
ground  plane.  The  maximum  amplifier  gain  and  sys¬ 
tem  gain  reach  19  dB  and  9.5  dB,  respectively,  at  7.38 
GHz. 
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Figure  9:  |£„|  pattern  on  the  top  surface  of  slab.  This 
pattern  is  measured  at  7.38GHz  with  Pin  =  10 
dBm 
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Abstract  A  slab-based  quasi-optical  power  combining  sys¬ 
tem  with  convex  and  concave  lenses  is  investigated.  Exper¬ 
imental  results  imply  that  a  concave-lens  system  has  less 
scattering  loss  and  higher  system  gains  than  a  concave-lens 
system.  An  amplifier  gain  of  15  dB  and  a  system  gam  of 
8  dB  were  achieved. 


1.  Introduction 

Many  types  of  quasi-optical  power  combining  systems 
have  been  investigated.  A  type  which  is  particularly' com¬ 
patible  with  MMIC  technology  and  planar  fabrication  is  the 
quasi-optical  slab  power  combiner  [1,2].  Developments  of 

this  system  are  presented  here. 

In  this  paper,  both  convex-lens  and  concave-lens  quasi- 
optical  slab  waveguide  systems,  shown  in  Fig.  1,  were  in¬ 
vestigated.  The  experimental  results  included  scattering 
loss  of  lenses,  amplifier  gain,  and  passive  and  active  system 
gains,  and  showed  that  the  concave-lens  system  has  lower 
scattering  loss  and  higher  system  gains.  Input  power  versus 
output  power  was  also  measured,  and  showed  the  output 
power  entered  saturation  as  input  power  was  higher  than 
-15  dBm.  All  the  measured  data  implies  that  a  concave- 
lens  system  is  more  suitable  for  MMIC  as  the  problem  of 
having  dissimilar  materials  is  mitigated. 

Dielectric  Slab 


Figure  1:  Slab  waveguide  system  with  convex/concave  lenses. 


2.  System  Description 

The  complete  slab  waveguide  with  convex/concave 
lenses  shown  in  Fig.  1  consisted  of  a  4  x  1  MESFET  am¬ 
plifier  array  built  underneath  and  between  the  two  lenses. 
The  energy  radiated  from  the  input  port  travels  in  a  quasi- 


optical  TE  Gaussian  mode  along  the  slab  waveguide  where 
the  lenses  are  used  to  focus  the  waves  for  optimal  field  dis¬ 
tributions  on  the  amplifier  elements.  To  investigate  the 
effect  of  reducing  scattering  on  loss,  a  metallic  top  was 
placed  "over  the  system.  The  amplifier  unit  was  derived 
from  the  active  notch  antenna  by  Leverich  [3]  and  was  de¬ 
scribed  in  [2].  The  slab  waveguide  was  Rexolite  (er  =  2.57, 
tan6  =  0.0006)  and  was  27.94  cm  wide,  62  cm  long,  and 
1.27  cm  thick.  The  convex  lenses  were  Macor  (er  =  5.9, 
tan5  =  0.0006),  and  the  focal  length  is  28.54  cm.  The  con¬ 
cave  lenses  were  just  air,  and  the  focal  length  is  40.4  cm. 

3.  Experimental  Results  and  Discussions 


The  passive  system  gains  were  measured  on  the  slab 
system  with  no  amplifiers  present,  and  is  shown  in  Fig.  2. 
This  measured  data  shows  that  the  concave-lens  system  has 
4  dB  to  6  dB  lower  loss  than  the  convex-lens  system.  The 
E-field  patterns  across  the  slab  measured  at  7.28  GHz  is 
shown  in  Fig.  3.  By  integrating  the  area  under  the  E-field 
curves  in  Fig.  3,  we  estimate  the  scattering  loss  is  about 
-3.66  dB  for  a  convex  lens,  and  -1.18  dB  for  a  concave  lens. 
Fig.  2  and  3  reveal  that  the  concave-lens  slab  system  has 
less  scattering  loss  and  will  be  more  appropriate  for  MMIC. 

The  amplifier  gain,  computed  from  the  ratio  between 
P0Ut(AMP  ON)  and  P0Ut(AMP  OFF),  is  shown  in  Fig.  4. 
This  gain  is  about  16  dB  and  14  dB  respectively  for  the 
concave  and  convex  cases.  This  implies  that  the  amplified 
power  is  less  scattered  in  the  concave-lens  system.  The 
active  system  gain  (defined  as  Pin/ Pout)  is  shown  in  Fig. 

5  for  the  convex  and  concave  cases  with  and  without  a 
metallic  top  cover.  The  metallic  cover  is  12  cm  wide  and 
is  located  1.6  cm  above  the  system.  For  the  concave  case, 
the  active  system  gain  is  about  7.7  dB  with  and  without 
the  cover.  For  the  convex  case,  this  gain  is  about  6  dB 
and  4  dB  with  and  without  the  cover,  respectively.  The 
active  system  gain  shows  that  using  a  metallic  top  cover 
can  compensate  more  scattering  loss  for  the  convex  case 
than  for  the  concave  case.  The  input  and  output  powers, 
Pin  and  Pout,  at  7.12  GHz  for  both  cases  without  a  metal 
top  are  shown  in  Fig.  6.  The  highest  system  gains  at  this 
frequency  were  about  2  dB  and  4.5  dB  for  the  convex  and 
concave  cases,  repectively.  This  figure  shows  the  1:1  ratio 
between  Pout  and  Pin  as  Pin  <  -15  dBm,  and  shows  that 
Pout  reached  the  saturation  condition  as  Pin  >  -15  dBm. 
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4.  Conclusion 

Quasi-optical  power  combining  using  a  4  x  1  MESFET 
amplifier  array  in  a  slab  waveguide  with  convex  and  con¬ 
cave  lenses  is  achieved.  The  concave  lens  system  has  less 
scattering  loss,  higher  amplifier  and  system  gains  than  the 
concave  lens  system,  and  is  more  suitable  for  MMIC.  To 
achieve  higher" active  system  gain,  the  input  power  should 
be  limited  under  the  saturation  condition  of  the  amplifier 
array. 


References 

til  F.  Poegel,  S.  Irrgang,  S.  Zeisberg,  A.  Schuenemann,  G.  P.  Mon¬ 
ahan,  H.  Hwang,  M.  B.  Steer,  J.  W.  Mink,  F.  K.  Schwermg,  A. 
PaoUela  and  J.  Harvey,  “Demonstration  of  an  oscillating  quasi- 
optical  slab  power  combiner,”  IEEE  MTT-S  Int.  Microwave 
Symp.  Dig.,  pp.  917-920,  May  1995. 

[21  H  Hwang,  G.  P.  Monahan,  M.  B.  Steer,  J.  W.  Mink,  J.  Har- 
vev  A.  PaoUela,  and  F.  K.  Schwermg,  “A  dielectric  slab  waveg¬ 
uide  with  four  planar  power  amplifiers,"  IEEE  MTT-S  Int.  Mi¬ 
crowave  Symp.  Dig.,  pp.  921-924,  May  1995. 

[3]  W.  K.  Leverich,  X.-D.  Wu,  and  K.  Chang,  “FET  active  slotlinc 

notch  antenna  for  quasi-optical  power  combining,"  IEEE  Trans. 

Microwave  Theory  Tech.,  vol.  MTT-41,  pp.  1515-1517,  Sept. 
1993. 


FREQUENCY  (GHz) 

Figure  2:  Passive  system  gains  for  the  convex-lens  and 
concave-lens  systems. 
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Figure  4:  Small  signal  amplifier  gains  for  the  convex-lens  and 
concave-lens  systems. 
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Figure  5:  Active  system  gain  for  the  convex-lens  and  concave- 
lens  systems. 
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Figure  3:  |£s|  distributions  across  the  slab  before  and  after 
the  lenses. 
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Figure  6:  Input  and  output  power  of  the  convex/concave  slab 
system  without  a  metallic  top. 
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Abstract.  Power  combining  in  a  hybrid  dielectric  slab 
beam  waveguide  resonator  using  a  MESFET  oscillator 
array  is  reported  for  the  first  time.  Four  MESFET  oscil¬ 
lators  lock  via  quasi-optical  modes  to  produce  a  signal 
at  7.4  GHz  with  a  3  dB  linewidth  of  less  than  3  kHz. 

1.  Introduction 

The  hybrid  dielectric  slab  beam  waveguide  system 
[2,  3]  combines  the  wave-guiding  principles  of  a  dielec¬ 
tric  surface  wave  and  a  confined  beam  corresponding 
to  Gauss-Hermite  beam  modes.  This  two  dimensional 
structure  has  reduced  size  and  is  more  amenable  to 
photolithographic  reproduction  than  more  conventional 
open  quasi-optical  power  combining  structures  (see  [4]). 
In  this  paper  the  slab  resonator  characterized  in  [3]  is 
used  to  combine  the  power  of  multiple  MESFET  oscil¬ 
lators. 


2.  Quasi-optical  Slab  Power  Combiner 

The  slab  resonator  power  combiner  is  shown  in  Fig¬ 
ure  1.  The  resonator  consists  of  a  curved  and  a  planar 
reflector.  Energy  propagates  in  a  quasi-optical  mode  in 
a  direction  perpendicular  to  the  planar  reflector  which 
is  at  the  waist  of  the  resonant  modes.  The  curved  reflec¬ 
tor  is  circular  approximating  the  parabolic  phase-front 
of  the  modes.  In  this  way  energy  radiating  from  one 


Figure  1:  Planar  Quasi-optical  slab  power  combining  os¬ 
cillator. 


Figure  2:  Single  oscillator  unit  constructed  on  a  Rogers 
RT/Duroid  substrate  with  ir  =  2.33  at  10  GHx. 


oscillator  is  coupled  into  a  quasi-optical  mode,  which 
is  reflected  by  the  curved  reflector  and  illuminates  all 
of  the  other  oscillators  —  thus  one-to-many  coupling 
is  achieved.  The  distance  between  the  planar  reflec¬ 
tor  and  the  center  of  the  curved  reflector  is  30.48  cm, 
the  radius  of  the  curved  reflector  is  60.96  cm,  and  the 
thickness  and  width  of  the  dielectric  slab  are  1.27  cm 
and  38.10  cm  respectively.  The  dielectric  is  Rexolite 
(er  =  2.57,  tan$  =  0.0006  at  X-band).  The  dimensions 
of  the  cavity  were  chosen  for  X  band  operation  to  far 
cilitate  the  capture  of  second  and  third  harmonics  in 
the  spectrum  of  the  oscillator  signal.  The  cavity  and  its 
characteristics  are  identical  to  thoee  reported  in  (3). 

An  oscillator  unit  is  shown  in  Figure  2.  and  uses 
a  Hewlett  Packard  ATF-10235  MESFET.  The  essential 
element  of  the  oscillator  is  the  end-fire  Vivaldi  antenna 
taper  [5,  6]  which  provides  excellent  decoupling  of  for¬ 
ward  and  backward  traveling  waves. 

In  this  paper  the  design  of  the  oscillating  elements 
was  optimized  so  that  oscillation  in  free  space  did  not 
occur.  This  involved  optimizing  the  taper  and  the 
drain-gate  feedback.  Furthermore,  this  oscillator  design 
was  not  susceptible  to  surf  ace- of-slab  to  ground-plane 
resonance.  This  was  a  common  problem  with  earlier 
antenna  designs  since  the  thickness  of  the  slab  is  close 
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to  a  half  wavelength.  Cavity  signal*  were  sensed  by  a 
Vivaldi  antenna  on  the  periphery  of  the  cavity  where 
the  fields  are  expected  to  be  small.  Locking  via  direct 
nearest  neighbor  coupling  u  avoided  by  staggering  the 
individual  oscillator*. 

3.  Operation 

The  o#c$ator  spectrum  is  shown  in  Figure  3. 
Locking  is  achieved  via  a  TEg$f  HDSBW  (hybrid  di¬ 


electric  slab  beam  waveguide)  mode.  All  possible  oscil¬ 
lation  modes  were  found  by  mounting  a  single  oscillator 
cell  on  top  of  the  *lab  and  moving  it  over  the  entire  sur¬ 
face  of  the  slab  and  Rearing  the  BT/Duroid  substrate. 
The  resultant  spectrum  with  the  spectrum  analyser  set 
to  maximum  hold  is  shown  in  Figure  4.  Comparing  the 
oscillation  frequencies  tp  the  unloaded  resonator  cavity 
measurement*  [3J,  it  was  determined  that  the  oscillating 
elements  only  couple^,  into  the  TE  hybrid  dielectrc  slab 
beam  waveguide  (HX(SQW)  modes,  T^mn*  modes  have 
an  electric  field  parallel  to  the  ground  plane  and  trans¬ 
verse  to  the  cavity  *xi*.  The  m  index  refers  to  field 
variation*  through  thp  slab  and  the  n  index  to  varia¬ 
tions  across  the  slab.  The  q  is  often  dropped  but  refers 
to  the  number  of  standing  wave  pattern*  along  the  axis 
of  the  resonator.  Oscillation  via  TEoo,  mode  resonances 
is  preferred  a*  these  jfcodeshave  the  lowest  loss  because 
the  energy  is  mostly  inside  the  dielectric  and  is  localised 
along  the  axis  of  the  resonator. 

Below  7  GHs  the  oscillator  couples  into  TE©*,,  n 
=  1,  2,  3  mode*  but  above  this  frequency  only  TE©o, 
modes  are  excited  as  shown  in  Figure  4.  Oscillation  fre¬ 
quencies  in  the  range  from  7  to  8  GHi  are  7.15,  7.44, 
7.70  and  7.95  GHi  which  correspond  to  TEqo,  reso¬ 
nances  of  7.15,  7.43,  7.72  and  8.00  GHz  without  the  os¬ 
cillator  cell  in  place  [3).  Oscillation  above  8  GHz  is  not 
observed  presumably  because  of  the  frequency  limitar 
tions  of  the  transistor.  Furthermore  only  TEoo,  modes 


Figure  4:  Max  hold  spectrum  with  oscillator  unit  moved 
over  slab.  At  any  one  time  there  is  at  most  only 
one  oscillation  frequency. 

were  excited  when  the  oscillator  was  near  the  cavity 
axis.  A»  such  it  was  a  simple  matter  to  select  the  de¬ 
sired  TEoo*  modes.  In  this  arrangement  the  oscillators 
are  staggered  to  avoid  nearest  neighbor  coupling.  The 
desired  one-tomany  coupling  was  experimentally  ver¬ 
ified  by  selectively  suppressing  quaai-opticsl  mode*  by 
strategically  placing  piece*  of  absorbing  material  at  var¬ 
ious  positions  on  the  slab.  Earlier  designs  were  plagued 
by  direct  reflections  from  the  curved  reflector  inducing 
lock  without  the  establishment  of  quaai-optical  mode*. 
Such  oscillations  were  characterized  by  broad  oscillation 
line  widths. 

The  procedure  for  establishing  the  frequency  of  oscil¬ 
lation  is  to  establish  the  dimensions  of  the  cavity  (which 
selects  a  set  of  possible  TE  oscillation  modes),  apply 
bias  to  the  on-axis  oscillator  first  (which  ensure*  TEoo 
modes),  and  tune  the  length  of  the  drain-gate  feedback 
slit.  With  this  procedure  two  or  three  oscillation  fre¬ 
quencies  arc  still  poesible.  Which  one  is  selected  de¬ 
pends  on  the  distance  of  the  on-axis  oscillator  from  the 
curved  refledor.  This  ha*  been  determined  to  be  due 
to  the  establishment  of  nonquasi-optical  interaction  bo- 
tween  the  reflector  and  the  on- axis  oscillator.  This  is  un¬ 
desirable  and  is  an  aspect  of  ongoing  engineering  efforts. 
However  with  appropriate  selection  of  this  separation, 
oscillation  at  a  particular  frequency  can  be  accurately 
and  repeatably  reproduced  when  the  entire  structure  is 
disassembled  and  reassembled. 

4.  Results  and  Discusikn 

In  Figure  5  the  oscillation  behavior  with  1,  2,  3  and 
then  4  oscillator*  biased  is  investigated.  The  oecillatora 
are  arranged  on  the  slab  a*  shown  in  Figure  1.  Note  that 
with  just  one  oscillator  (the  on-axis  one)  biased  the  os¬ 
cillation  is  shifted  relative  to  that  shown  in  Figure  4  due 
to  the  presence  of  the  other  oscillation  units  on  the  slab. 
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Figure  5:  Spectrum  with  1,  2,  3  and  then  4  oscillator  oniU 
biased. 

Subsequently  a  second,  then  third  and  fourth  oscillators 
were  biased.  With  four  oscillator  units  the  iinewidth  is 
<  6  kHz  at  30  dB  down  (as  determined  by  a  single  sweep 
Hewlett  Packard  HP8560A  spectrum  analyzer  measure¬ 
ment  as  shown  in  Figure  3.  Over  an  extended  interval 
(10  s  and  longer)  the  center  frequency  wanders  by  up 
to  7  kHz  with  negligible  change  in  output  power  level. 
At  all  times  the  narrow  Iinewidth  was  maintained .  The 
measured  DC-to-RF  efficiency  was  1  %.  This  is  low  and 
is  attributed  to  the  low  coupling  of  the  sense  antenna 
which  is  on  the  edge  of  the  cavity.  More  realistic  on- 
axis  efficiency  measurement  awaits  the  development  of 
a  fully  engineered  system  with  a  partially  transmitting 
curved  reflector  and  lenses  to  propagate  and  then  collect 
the  radiated  power. 

Injection  locking  the  power  combining  oscillator 
with  a  signal  from  a  Hewlett  Packard  HP8340B  syn¬ 
thesized  source  35  dB  below  the  oscillator  level  reduces 
the  Iinewidth  to  <  3  Hz  at  30  dB  down.  Here  the  res¬ 
olution  bandwidth  of  the  spectrum  analyzer  was  set  to 
the  minimum  resolution  of  1  Hz.  Single  shot  and  max 
hold  spectra  are  shown  in  Figures  6  and  7.  The  lock- 
in  bandwidth  is  350  kHz  and  the  locking  bandwidth  is 
470  kHz.  Increasing  the  power  of  the  injected  signal  by 
3  dB  increases  the  bandwidth  to  590  kHz  and  700  kHz 
respectively.  Injection  locking  by  an  FM  modulated  sig¬ 
nal  at  50  kHz  and  then  350  kHz  is  shown  in  Figures  8 
and  9. 

5.  Conclusion 

For  the  first  time  a  quasi-optical  slab  power  com¬ 
biner  using  an  oscillator  array  has  been  demonstrated. 
In  its  present  form  the  HDSBW  power  combiner  is  lim¬ 
ited  to  only  a  few  oscillator  elements  as  the  presence  of 
the  oscillators  disturbs  the  quasi-optical  field  structure. 
The  next  phase  of  the  work  will  be  to  move  the  oscilla¬ 
tor  elements  under  the  slab  so  that  the  field  disturbance 
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Figure  6:  Single  »hot  spectrum  with  4  oscillator*  with 
injection  locking.  The  resolution  bandwidth  is 
1  kHz. 

is  minimized. 
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Figure  9:  350  kHx  FM  modulation. 
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Abstract.  A  hybrid  dielectric  slab  beam  waveguide 
with  four  MESFET  amplifiers  employing  quasi-optical 
powo.r  combining  is  reported  for  the  first  time.  Up 
to  id  dB  power  gain  is  obtained  at  7.4GHz.  Measure¬ 
ments  for  power  gain,  amplifier  gain,  insertion  loss  and 
transverse  power  distribution  are  presented.  The  fabri¬ 
cation  technique  employed  is  suitable  for  planar  MMIC 
circuits. 

1.  Introduction 

Quasi-optica!  power-combining  is  a  promising 
method  to  combine  the  power  from  multiple  solid-state 
devi  :es  in  the  microwave  and  millimeter  wave  region. 
A  number  of  quasi-optical  structures  have  been  re¬ 
ported  including  wave  beam  type  [1],  grid  type  [2],  mi- 
crosu-ip  weak  coupling  type,  [3],  and  hybrid  dielectric 
slab  beam  waveguide  type  (HDSBVV)  [4,5]  for  power 
combining.  Iri  all  cases,  power  from  the  radiating  ele¬ 
ments  is  combined  in  free  space  or  in  a  dielectric  over 
a  distance  of  many  wavelengths.  The  HDSBVV  sys¬ 
tem  has  the  advantage  of  being  two-dimensional  and  is 
thus  more  amenable  to  photolithographic  reproduction 
than  the  conventional  open  quasi-optical  power  com¬ 
bining  structures.  In  this  paper',  a  H  DSBW  amplifier  is 
reported  for  the  first  time,  with  four  MESFET  power 
amplifiers  located  between  lenses  as  shown  in  Figure 
\  Up  to  10  dB  power  gain  is  obtained  at  7.4GHz. 

2.  Quasi-optical  Slab  Power  Combiner  System 

The  HDSBVV  system  with  MESFET  amplifiers  and 
two  thin  convex  lenses  is  shown  in  Figure  1.  The 
waveguide  system  is  built  as  a  confocal  system  so  that 
the  guided  waves  are  focused  and  reiterated  periodi¬ 
cally.  The  dielectric  slab  is  Rexolite  (  (  =  2.57,  tan£ 
=  0.0006  at  X-band  ),  and  its  dimensions  are  27.94  cm 
wide,  114.16  cm  long,  and  1.27  cm  thick.  The  lenses 
are  iabricated  from  Macor  (  <  =  5.9,  Ian6  =  0.0025  at 
100  kHz)  with  radius=30-48  cm,  and  the  focal  length, 
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Figure  1:  Hybrid  dielectric  slab  beam  waveguide 
(HDSBVV)  system  with  MESFET  amplifiers. 


/,  is  28.54  cm.  The  lenses  are  inserted  into  the  waveg¬ 
uide  with  a  spacing  of  57.08  cm.  The  aperture  width 
of  both  horn  antennas  is  9  cm,  designed  to  be  the  spot 
size  of  the  slab  beammode  near  the  aperture.  Energy 
propagates  in  a  quasi-optical  mode  along  the  waveg¬ 
uide,  passes  the  lenses  and  is  reiterated  in  the  middle 
area  of  the  waveguide.  The  beam  in  that  area  has  the 
strongest  field  strength  and  its  width  is  close  to  that  of 
the  beam  width  near  the  radiator.  Four  MESFET  am¬ 
plifiers  are  located  in  this  area  to  amplify  the  guided 

energy.  .  .  ,  . 

The  MESFET  amplifier  unit  is  shown  m  Figure 
2  employing  one  HP  ATF-10235  MESFET.  The  di¬ 
mension  of  this  amplifier  is  7  cm  x  1.5  cm.  This  de¬ 
sign  is  derived  from  the  fin-line  oscillator  described  by 
Mein  el  [6]  and  active  slotline  notch  antenna  by  Lev- 
erich,  et.  al  [7].  The  essential  structure  of  the  ampli¬ 
fier  includes  two  end-fire  Vivaldi  antenna  tapers  which 
arc  gate-receiver  and  drain-radiator.  The  amplifiers 
are  designed  specifically  to  eliminate  surface-of-slab  to 
ground-plane  resonance,  thus  oscillation  does  not  oc¬ 
cur  when  there  is  no  energy  radiated  from  the  trans- 
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ferent  configurations  are  shown  in  Figures  4-9.  The 
largest  amplifier  gains  obtained  for  configurations  1,  2, 
and  3  were  11  dB,  13.8  dB,  and  8  dB,  and  the  largest 
power  gains  were  7  dB,  11  dB  and  5  dB  respectively. 
This  data  shows  that  this  4-amplifier  array  is  effective 
for  the  HDSBW  in  the  frequency  range  from  7  GHz 
to  8.5  GHz.  These  figures  show  that  the  higher  Vi, 
is  ,  the  higher  the  gain  is  in  each  location.  Amplifier 
gain  is  the  ratio  of  the  output  power  with  and  with¬ 
out  bias  applied.  Power  gain  is  the  ratio  of  the  output 
power  with  the  amplifiers  on  to  that  with  the  ampli¬ 
fiers  removed  from  the  surface  of  the  slab.  Insertion 
loss  was  calculated  by  subtracting  the  power  gain  from 
the  amplifier  gain. 


f 

(2)  i 

I 


(3) 

Figure  4:  Amplifier  gain  for  configuration  1. 

Figure  3:  Amplifier  configurations. 


mitting  horn.  In  the  middle  area  of  the  waveguide, 
the  refocused  guided  waves  have  the  narrowest  beam 
width  and  the  strongest  field  strength.  Therefore,  am¬ 
plifiers  located  in  this  area  amplify  the  guided  energy 
efficiently.  By  moving  the  locations  of  the  amplifiers, 
different  amplifier  and  power  gains  are  obtained. 

3.  Measurement  and  Discussion 

Figure  3  shows  three  different  configurations  for  the 
MESFET  amplifiers  on  the  dielectric  slab.  In  each  con¬ 
figuration,  the  amplifiers  are  biased  with  two  groups  of 
drain  voltage,  Vdt  and  gate  voltage,  to  measure  the 
amplifier  gain  and  the  power  gain.  The  bias  voltages 
and  the  distance  between  amplifiers  were  carefully  ad¬ 
justed  to  avoid  mutual-coupling  oscillation  and  to  ob¬ 
tain  the  largest  gain  in  each  configuration.  To  arrange 
the  configurations,  an  amplifier  was  first  moved  around 
the  middle  area  on  the  waveguide  to  get  the  highest 
gain.  Then,  the  second  amplifier  was  carefully  moved 
close  to  the  first  one,  and  the  bias  was  adjusted  to  get 
the  highest  gain  and  avoid  oscillations  due  to  strong 
mutual  coupling.  Similarly,  the  third  and  fourth  am¬ 
plifiers  were  added  to  the  system. 

The  amplifier  gain  and  power  gain  for  three  dif- 
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Figure  5:  Power  gain  for  configuration  1. 

The  guided  waves  are  originally  a  TE  slab  beam¬ 
mode,  and  when  the  amplifier  patches  are  placed  on 
the  slab  surface,  they  perturb  the  beammode,  caus¬ 
ing  some  losses,  which  reduce  the  total  received  power. 
The  field  strength  for  a  fixed  position  is  a  function 
of  radiating  frequency.  Field  strength  also  varies  as  a 
function  of  position  for  a  fixed  frequency.  Therefore, 
changing  the  frequency  or  the  location  of  amplifiers 
results  in  the  input  energy  of  the  amplifiers  being  dif¬ 
ferent,  and  hence  the  receiving  power  varies.  The  in- 


serlion  loss  is  shown  in  Figure  10  for  the  various  cell 
locations.  This  loss  varies  with  frequency  and  location. 
The  causes  of  insertion  loss  were  further  examined  by 
plotting  the  held  profile  using  the  technique  shown  in 
Figure  11. 


Figure  6:  Amplifier  gain  for  configuration  2. 


Figure  7:  Power  gain  for  configuration  2. 


I'he  power  distribution  across  the  HDSBW  was 
me<asured  using  a  small  sensor  antenna  built  on 
RT/Duriod  substrate.  The  amplifiers  were  put.  in  con¬ 
figuration  3  to  supply  maximum  energy  into  the  slab. 
Measurements  were  made  at  an  operating  frequency 
of  7.372  GHz  with  an  amplifier  gain  of  10  1  dB.  The 
power  distribution  was  measured  by  moving  the  sensor 
antenna  along  the  y-axis  from  1 1 .5  cm  to -11.5  cm.  The 
power  distributions  on  the  slab  are  plotted  in  Figure  12 
for  amplifiers  on,  amplifiers  ofT,  and  no  amplifiers  lo¬ 
cated  on  the  slab.  Comparing  the  field  distributions  for 
amplifiers  off  and  no  amplifiers  on  the  slab,  the  power 
decreases  by  a  constant  value  of  about  4  or  5  dB  in  the 
-5  cm  <  y  <  5  cm  region.  This  is  because  all  the  ampli¬ 
fiers  were  located  here.  However,  amplification  more 
than  compensates  this  insertion  loss.  Therefore,  the 
total  beamrnode  energy  increases.  However,  the  am¬ 
plifier  gain  varies  greatly  in  the  region  -6.5  cm  <  V  < 


11  cm  from  a  maximum  of  about  32dB  at  y  =  5  cm 
to  a  minimum  at  y  —  0  cm  of  about  10  dB.  Since  the 
amplifiers  are  not  located  symmetrically  about  the  z- 
axis,  the  power  increases  more  in  the  y  >  0  region  than 
in  the  y  <  0  region.  Unequal  amplification  and  phase 
shift  of  the  individual  amplifiers  may  also  contribute 
to  the  non-symmetrical  amplification  gain. 


Figure  8:  Amplifier  gain  for  configuration  3. 


Figure  9:  Power  gain  for  configuration  3. 


4.  Conclusions 

For  the  first  time,  we  have  demonstrated  a  planar 
amplifier  array  in  a  HDSBW  using  quasi-optical  power 
combining  with  a  maximum  amplifier  gain  of  13  dB  at 
about  7.4  GHz. 

Four  MESFET  amplifiers  were  located  on  the  slab 
waveguide  near  the  middle  area  to  amplify  the  guided 
energy  efficiently.  The  amplifiers  are  easily  made  by 
photolithographic  techniques.  By  selecting  appropri¬ 
ate  locations,  insertion  loss  can  be  reduced  signifi¬ 
cantly.  The  power  difference  between  the  distribu- 


Figure  11:  Measurement  of  power  distribution. 


Figure  12:  Power  distributions  across  the  top  of  the 
HDSBVV  measured  at  7.372  GHz  at  d=  18.2 
cm  as  shown  in  Figure  11. 


tions  of  the  slab  mode  with  amplifier  on  and  off  in¬ 
creases  greatly  with  a  maximum  increase  of  approxi¬ 
mately  32dB.  The  amplifier  gain  overcomes  the  inser¬ 
tion  loss  and  results  in  net  gain.  This  planar  amplifier 
is  suitable  for  use  with  the  HDSBW  system  and  can 
be  applied  to  planar  MMIC  circuits. 
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Abstract.  A  hybrid  dielectric  slab  beam  waveguide 
with  four  MESFET  amplifiers  employing  quasi-optical 
power  combining  is  reported  for  the  first  time.  Up 
to  1U  dB  power  gain  is  obtained  at  7.4GHz.  Measure¬ 
ments  for  power  gain,  amplifier  gain,  insertion  loss  and 
transverse  power  distribution  are  presented.  The  fabri¬ 
cation  technique  employed  is  suitable  for  planar  MMIC 
circuits. 

1,  Introduction 

Quasi-optical  power-combining  is  a  promising 
method  to  combine  the  power  from  multiple  solid-state 
devhes  in  the  microwave  and  millimeter  wave  region. 
A  lumber  of  quasi-optical  structures  have  been  re¬ 
ported  including  wave  beam  type  [1],  grid  type  [2],  mi- 
crosi.rip  weak  coupling  type,  [3],  and  hybrid  dielectric 
slab  beam  waveguide  type  (HDSBW)  [4,5]  for  power 
combining.  In  all  cases,  power  from  the  radiating  ele¬ 
ments  is  combined  in  free  space  or  in  a  dielectric  over 
a  distance  of  many  wavelengths.  The  HDSBW  sys¬ 
tem  has  the  advantage  of  being  two-dimensional  and  is 
thus  more  amenable  to  photolithographic  reproduction 
than  the  conventional  open  quasi-optical  power  com¬ 
bining  structures.  In  this  paper,  a  HDSBW  amplifier  is 
reported  for  the  first  time,  with  four  MESFET  power 
amplifiers  located  between  lenses  as  shown  in  Figure 

1.  1’p  to  10  dB  power  gain  is  obtained  at  7.4GHz. 

2.  Quasi-optical  Slab  Power  Combiner  System 

The  HDSBW  system  with  MESFET  amplifiers  and 
two  thin  convex  lenses  is  shown  in  Figure  1.  The 
waveguide  system  is  built  as  a  confocal  system  so  that 
the  guided  waves  are  focused  and  reiterated  periodi¬ 
cally.  The  dielectric  slab  is  Rexolite  (  <  =  2.57,  Uu6 
-  0.0006  at  X-band  ),  and  its  dimensions  are  27.94  cm 
wide,  114.16  cm  long,  and  1.27  cm  thick.  The  lenses 
are  fabricated  from  Macor  (  (  =  5.9,  Ian 5  =  0.0025  at 
100  kHz)  with  radius=30.48  cm,  and  the  focal  length, 
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Figure  X:  Hybrid  dielectric  slab  beam  waveguide 
(HDSBW)  system  with  MESFET  amplifiers. 


ft  is  28.54  cm.  The  lenses  are  inserted  into  the  waveg¬ 
uide  with  a  spacing  of  57.08  cm.  The  aperture  width 
of  both  horn  antennas  is  9  cm,  designed  to  be  the  spot 
size  of  the  slab  beammode  near  the  aperture.  Energy 
propagates  in  a  quasi-optical  mode  along  the  waveg¬ 
uide,  passes  the  lenses  and  is  reiterated  in  the  middle 
area  of  the  waveguide.  The  beam  in  that  area  has  the 
strongest  field  strength  and  its  width  is  close  to  that  of 
the  beam  width  near  the  radiator.  Four  MESFET  am¬ 
plifiers  are  located  in  this  area  to  amplify  the  guided 
energy. 

The  MESFET  amplifier  unit  is  shown  in  Figure 
2  employing  one  HP  ATF- 10235  MESFET.  The  di¬ 
mension  of  this  amplifier  is  7  cm  x  1.5  cm.  This  de¬ 
sign  is  derived  from  the  fin-line  oscillator  described  by 
Meinel  [6]  and  active  slotline  notch  antenna  by  Lev- 
erich,  et.  al  [7].  The  essential  structure  of  the  ampli¬ 
fier  includes  two  end-fire  Vivaldi  antenna  tapers  which 
arc  gate-receiver  and  drain-radiator.  The  amplifiers 
are  designed  specifically  to  eliminate  surface-of-slab  to 
ground-plane  resonance,  thus  oscillation  does  not  oc¬ 
cur  when  there  is  no  energy  radiated  from  the  trans- 
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Figure  2:  The  planar  MESFET  amplifier. 
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Figure  3:  Amplifier  configurations. 


ferent  configurations  are  shown  in  Figures  4-9.  The 
largest  amplifier  gains  obtained  for  configurations  1,  2, 
and  3  were  11  dB,  13.8  dB,  and  8  dB,  and  the  largest 
power  gains  were  7  dB,  11  dB  and  5  dB  respectively. 
This  data  shows  that  this  4-amplifier  array  is  effective 
for  the  HDSBW  in  the  frequency  range  from  7  GHz 
to  8.5  GHz.  These  figures  show  that  the  higher  V* 
is  ,  the  higher  the  gain  is  in  each  location.  Amplifier 
gain  is  the  ratio  of  the  output  power  with  and  with¬ 
out  bias  applied.  Power  gain  is  the  ratio  of  the  output 
power  with  the  amplifiers  on  to  that  with  the  ampli¬ 
fiers  removed  from  the  surface  of  the  slab.  Insertion 
loss  was  calculated  by  subtracting  the  power  gain  from 
the  amplifier  gain. 


Figure  4:  Amplifier  gain  for  configuration  1. 


milting  horn.  In  the  middle  area  of  the  waveguide, 
the  refocused  guided  waves  have  the  narrowest  beam 
width  and  the  strongest  field  strength.  Therefore,  am¬ 
plifiers  located  in  this  area  amplify  the  guided  energy 
efficiently.  By  moving  the  locations  of  the  amplifiers, 
different  amplifier  and  power  gains  are  obtained. 

3.  Measurement  and  Discussion 

Figure  3  shows  three  different  configurations  for  the 
MESFET  amplifiers  on  the  dielectric  slab.  In  each  con¬ 
figuration,  the  amplifiers  are  biased  with  two  groups  of 
drain  voltage,  Vd>  and  gate  voltage,  Vgt  to  measure  the 
amplifier  gain  and  the  power  gain.  The  bias  voltages 
and  the  distance  between  amplifiers  were  carefully  ad¬ 
justed  to  avoid  mutual-coupling  oscillation  and  to  ob¬ 
tain  the  largest  gain  in  each  configuration.  To  arrange 
the  configurations,  an  amplifier  was  first  moved  around 
the  middle  area  on  the  waveguide  to  get  the  highest 
gain.  Then,  the  second  amplifier  was  carefully  moved 
close  to  the  first  one,  and  the  bias  was  adjusted  to  get 
the  highest  gain  and  avoid  oscillations  due  to  strong 
mutual  coupling.  Similarly,  the  third  and  fourth  am¬ 
plifiers  were  added  to  the  system. 

The  amplifier  gain  and  power  gain  for  three  dif- 


Figure  5:  Power  gain  for  configuration  1. 


The  guided  waves  are  originally  a  TE  slab  beam¬ 
mode,  and  when  the  amplifier  patches  are  placed  on 
the  slab  surface,  they  perturb  the  beammode,  caus¬ 
ing  some  losses,  which  reduce  the  total  received  power. 
The  field  strength  for  a  fixed  position  is  a  function 
of  radiating  frequency.  Field  strength  also  varies  as  a 
function  of  position  for  a  fixed  frequency.  Therefore, 
changing  the  frequency  or  the  location  of  amplifiers 
results  in  the  input  energy  of  the  amplifiers  being  dif¬ 
ferent,  and  hence  the  receiving  power  varies.  The  in- 


smion  loss  is  shown  in  Figure  10  for  the  various  cell 
locations.  This  loss  varies  with  frequency  and  location. 
The  causes  of  insertion  loss  were  further  examined  by 
plotting  the  field  profile  using  the  technique  shown  in 
Figure  11. 


Figure  6:  Amplifier  gain  for  configuration  2. 


Figure  7:  Power  gain  for  configuration  2. 


The  power  distribution  across  the  HDSBW  was 
measured  using  a  small  sensor  antenna  built  on 
RT/Duriod  substrate.  The  amplifiers  were  put  in  con¬ 
figuration  3  to  supply  maximum  energy  into  the  slab. 
Measurements  were  made  at  an  operating  frequency 
of  7.372  GHz  with  an  amplifier  gain  of  10  1  <IB.  The 
power  distribution  was  measured  by  moving  the  sensor 
anu  nna  along  the  y-axis  from  11.5  cm  to  -11.5  cm.  The 
power  distributions  on  the  slab  are  plotted  in  Figure  12 
for  amplifiers  on,  amplifiers  off,  and  no  amplifiers  lo¬ 
cated  on  the  slab  Comparing  the  field  distributions  for 
amplifiers  off  and  no  amplifiers  on  the  slab,  the  power 
decreases  by  a  constant  value  of  about  4  or  5  dB  in  the 
-5  cin  <  y  <  5  cm  region.  This  is  because  all  the  ampli¬ 
fiers  were  located  here.  However,  amplification  more 
than  compensates  this  insertion  loss.  Therefore,  the 
total  beamrnode  energy  increases.  However,  the  am¬ 
plifier  gain  varies  greatly  in  the  region  -6.5  cm  <  V  < 


11  cm  from  a  maximum  of  about  32dB  at  y  =  5  cm 
to  a  minimum  at  y  =  0  cm  of  about  10  dB.  Since  the 
amplifiers  are  not  located  symmetrically  about  the  z- 
axis,  the  power  increases  more  in  the  y  >  0  region  than 
in  the  y  <  0  region.  Unequal  amplification  and  phase 
shift  of  the  individual  amplifiers  may  also  contribute 
to  the  non-symmetrical  amplification  gain. 


Figure  8:  Amplifier  gain  for  configuration  3. 


Figure  9:  Power  gain  for  configuration  3. 


4.  Conclusions 

For  the  first  time,  we  have  demonstrated  a  planar 
amplifier  array  in  a  HDSBW  using  quasi-optical  power 
combining  with  a  maximum  amplifier  gain  of  13  dB  at 
about  7.4  GHz. 

Four  MESFET  amplifiers  were  located  on  the  slab 
waveguide  near  the  middle  area  to  amplify  the  guided 
energy  efficiently.  The  amplifiers  are  easily  made  by 
photolithographic  techniques.  By  selecting  appropri¬ 
ate  locations,  insertion  loss  can  be  reduced  signifi¬ 
cantly.  The  power  difference  between  the  distribu- 
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Figure  10:  Insertion  loss. 
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Figure  11:  Measurement  of  power  distribution. 
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Figure  12:  Power  distributions  across  the  top  of  the 
HDSBW  measured  at  7.372  GHz  at  d=  18.2 
cm  as  shown  in  Figure  11. 


tions  of  the  slab  mode  with  amplifier  on  and  off  in¬ 
creases  greatly  with  a  maximum  increase  of  approxi¬ 
mately  32dB.  The  amplifier  gain  overcome*  the  inser¬ 
tion  loss  and  results  in  net  gain.  This  planar  amplifier 
is  suitable  for  use  with  the  HDSBW  system  and  can 
be  applied  to  planar  MMIC  circuits. 
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